Far-infrared spectral radiance studies: Application to water vapour and cirrus by Fox, Cathryn
 
1 
 
Far-Infrared Spectral Radiance Studies: 
Application to Water Vapour and Cirrus 
 
 
Cathryn Fox 
 
Thesis presented for the degree of 
Doctor of Philosophy of Imperial College London 
and the 
Diploma of Imperial College 
 
 
Space and Atmospheric Physics Group 
Department of Physics 
Imperial College London 
 
 
  March 2015  
 
2 
Declaration of Originality 
The work presented in this thesis is that of the author, and any information, data or figures 
taken from other sources has been referenced accordingly. 
Cathryn Fox, 31
st
 March 2015 
 
Copyright Declaration 
The copyright of this thesis rests with the author and is made available under a Creative 
Commons Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, 
distribute or transmit the thesis on the condition that they attribute it, that they do not use it 
for commercial purposes and that they do not alter, transform or build upon it. For any reuse 
or redistribution, researchers must make clear to others the licence terms of this work. 
  
 
3 
Abstract 
This thesis presents the analysis of high-resolution spectral radiances recorded using the 
Imperial College Tropospheric Airborne Fourier Transform Spectrometer (TAFTS) 
instrument, which uniquely has the ability to record high resolution in-situ measurements, 
both up-welling and down-welling, in the far-infrared spectral region 80-800cm
-1
.  The 
TAFTS data used in this work has been recorded during two diverse field campaigns, one 
ground-based, and one onboard the Facility for Airborne Atmospheric Measurements 
(FAAM) BAe-146 research aircraft. 
The far-infrared spectral region has been shown to have a dominant contribution to the 
radiative cooling of the planet to space.  Atmospheric water vapour is known to absorb 
radiation in a pure rotation band in the far-infrared, and also exhibits a background slowly-
varying absorption known as the water vapour continuum. Observations of far-infrared 
radiances made by TAFTS during the Radiative Heating in Underexplored Bands Campaign  
(RHUBC) in Barrow, Alaska, are compared to simulations using line-by-line radiative 
transfer models in order to validate the current water vapour continuum parameterisation. 
Results presented here show that the current MT-CKD v2.5 parameterisation is accurately 
representing the water vapour continuum at wavenumbers between 350-500 cm
-1
. 
This thesis also considers the radiative effect of cirrus clouds in the far-infrared. These clouds 
have an important influence on current climate, and are known to scatter and absorb radiation 
in the infrared, however currently there have been relatively few measurements of the cirrus 
radiative effect in the far-infrared spectral region. Presented here are mid- and far-infrared 
observations of the radiative signature of cirrus recorded using the TAFTS and the UK Met 
Office Airborne Research Interferometer Evaluation System (ARIES) instruments, during the 
first phase of the aircraft-based Cirrus Coupled Cloud-Radiation Experiment (CIRCCREX), 
which flew out of Prestwick, Scotland in November 2013. These spectral measurements were 
compared to simulations using the LBLDIS model, which utilises cirrus scattering databases 
developed by Baum et al. at the SSEC, University of Wisconsin-Madison. This work 
represents the first time that the consistency of these databases have been tested across the 
entire infrared region. It was found that the model was underestimating brightness 
temperatures in the region 330-600 cm
-1
, and that further work is required in this region. 
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AERI-ER Atmospheric Emitted Radiance Interferometer – Extended Range 
AIRS Atmospheric Infrared Sounder 
ARIES Airborne Research Interferometer Evaluation System 
ARM Atmospheric Radiation Measurement Program 
ASC Aggregate Solid Columns 
AVAPS Airborne Vertical Atmospheric Profiling System 
CAESER Cirrus and Anvils: European Satellite and Airborne Radiative measurement 
project 
CALIPSO Cloud/Aerosol Lidar and Infrared Pathfinder Satellite Observation 
CAVIAR Continuum Absorption by Visible and IR radiation and its Atmospheric 
Relevance campaign 
CDP Cloud Droplet Probe 
CERES Clouds and the Earth's Radiant Energy System 
CFC Chlorofluorocarbon 
CIP Cloud Imaging Probe 
CIRCCREX Cirrus Coupled Cloud-Radiation Experiment 
CKD Clough-Kneizys-Davies 
DISORT DIScrete Ordinate Radiative Transfer code 
DW Down-Welling 
FAAM Facility for Airborne Atmospheric Measurements 
FFT Fast Fourier Transform 
FIR Far-InfraRed 
FIRST Far-Infrared Spectroscopy of the Troposphere instrument 
FTS Fourier Transform Spectrometer 
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GCM General Circulation Model 
GenLn2 General Line-by-Line Atmospheric Transmittance and Radiance Model 
GHM General Habit Mixture 
GVR G-band water-Vapour Radiometer 
HITRAN High Resolution Transmission 
HWHM Half-Width at Half-Maximum 
IASI Infrared Atmospheric Sounding Interferometer 
IPCC Intergovernmental Panel on Climate Change 
ISCPP The International Satellite Cloud Climatology Project 
IWC Ice Water Content 
LBLDIS Line-By-Line DISORT model 
LBLRTM Line-By-Line Radiative Transfer Model 
LW Longwave 
MIR Mid-InfraRed 
MODIS The Moderate Resolution Imaging Spectro-radiometer 
MT-CKD Mlawer-Tobin-Clough-Kneizys-Davies 
NWP Numerical Weather Prediction 
OLR Outgoing Longwave Radiation 
POB Pointing Optics Box 
PRT Platinum Resistance Thermistor 
PSD Particle Size Distribution 
PWV Precipitable Water Vapour 
REFIR-PAD Radiation Explorer in the Far InfraRed – Prototype for Applications and 
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RH Relative Humidity 
RHUBC Radiative Heating in Underexplored Bands Campaign 
RTM Roof Top Mirror 
RU Radiance Unit (1 RU = 1 mW/(m
2
.sr.cm
-1
)) 
SC Solid Columns 
SEVIRI Spinning Enhanced Visible and Infrared Imager 
SHEBA Surface Heating Budget of the Arctic Ocean campaign 
SID Small Ice Detector 
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TOA Top Of Atmosphere 
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1 Introduction 
It is well documented that the Earth's climate is changing, and the emission of anthropogenic 
greenhouse gases has been identified as one of the major contributors to this. Carbon dioxide 
is usually regarded as the most important anthropogenic greenhouse gas, and there has been 
an 80% increase in its emission from anthropogenic sources between 1970 and 2004 [IPCC, 
2007]. However, it is also clear that water vapour plays an important role in the climate, even 
though direct emission by human activity is negligible. Where water vapour becomes 
important is in the hydrological cycle, as the temperature of the Earth affects the amount of 
water vapour in the atmosphere (a feedback effect). Therefore it is vitally important that this 
gas be well understood. Water vapour contributes to the greenhouse effect in three major 
spectral bands: the 𝜐2vibration-rotation band (centred at 1600 cm
-1
), the atmospheric window 
region (800-1250 cm
-1
), and the far-infrared pure rotation band (below 500 cm
-1
) [Sinha and 
Harries, 1995]. The first two of these bands are well understood, but the effect of water 
vapour in the far-infrared region of the spectrum has not been extensively studied. This is due 
to technological limitations of available instrumentation and the opacity of the atmosphere in 
the lower troposphere when observed from ground level.  
The Imperial College Tropospheric Airborne Fourier Transform Spectrometer (TAFTS) 
[Canas et al., 1997], used in this work, was developed in order to address this lack of FIR 
measurements. TAFTS has a spectral range of 80-800 cm
-1
 and a resolution of 0.12 cm
-1
, and 
thus allows high-resolution measurements to be taken that extend into the far-infrared. 
TAFTS has been deployed on several data campaigns, both airborne and ground-based, and it 
is the analysis of data from these campaigns, and the use of these to validate simulations 
performed by radiative transfer models that is presented in this thesis.  
Another topic of research interest in the FIR is the radiative effect of Cirrus (ice crystal) 
clouds. These clouds have an important influence on current climate, and any changes to their 
characteristics as a result of climate change will have a substantial feedback impact. TAFTS 
has been used to study the effect of cirrus cloud in the FIR, a topic that although recognised 
as significant, is currently poorly understood. The radiative properties of cirrus have not been 
fully determined, limiting the accuracy to which they can be described in GCMs. To improve 
this situation, this thesis examines radiance measurements taken using TAFTS alongside 
measurements of the clouds' physical properties (ice crystal size, shape etc.) with the aim to 
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provide a better understanding of scattering of FIR radiation by cirrus, which in turn can 
improve the representation of cirrus in models. 
The remainder of this thesis is organised as follows: 
Chapter 2 provides a detailed description of the radiative effect of both water vapour and 
cirrus in the atmosphere, and the motivation behind the observations which are presented in 
this thesis. In addition, methods of measurement and past studies of water vapour and cirrus 
are discussed. 
Chapter 3 gives a description of Fourier Transform Spectroscopy (FTS) theory, both as a 
general technique and then as specifically applied to the TAFTS instrument. The chapter 
continues with a description of the instrument, the sampling system and calibration 
procedure, and then closes with a short description of other FTS instruments used in this 
work.  
Chapter 4 goes into detail of the processes of radiative transfer, through both a non-scattering 
(clear sky) and scattering (cloudy) atmosphere. The radiative transfer models LBLRTM 
[Clough et al., 2005] and LBLDIS [Turner, 2005], used in this work to simulate radiances, 
are described. When simulating scattering of radiation by cirrus, databases of single 
scattering parameters are employed to represent the range of shapes and sizes of ice crystals 
in the cloud. This chapter closes with a description of these parameters, and three newly-
developed databases from Baum et al. [2014], which are used in this work.  
Chapter 5 presents measurements taken using the TAFTS instrument during the Radiative 
Heating in Underexplored Bands Campaign (RHUBC) [Turner and Mlawer, 2010], which 
took place in Barrow, Alaska, in February and March 2007. The TAFTS measurements are 
used first in a cross-comparison study with another interferometer of a different design, the 
Atmospheric Emitted Radiance Interferometer – Extended Range (AERI-ER) instrument. 
TAFTS observations are then compared to simulated radiances produced by a radiative 
transfer model in order to test the performance of the model, and in particular to validate the 
latest version of the water vapour continuum parameterisation, the MT-CKD v2.5. The work 
presented in this chapter has been published in the paper by Fox et al. [2015]. 
Chapter 6 describes a series of sensitivity studies of the changes in the simulated radiances of 
MIR and FIR spectra in the presence of cirrus, given changes in the underlying cloud 
properties. These simulations are performed using the cirrus scattering databases described in 
Chapter 4, and allow an investigation into the link between the microphysical properties of 
the cloud and the macrophysical radiative signature.  
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Chapter 7 presents observations of cirrus cloud during the first flight campaign of the Cirrus 
Coupled Cloud-Radiation Experiment (CIRCCREX), which took place in Prestwick, 
Scotland, during November and December 2013. The author was a participant in this aircraft 
campaign, and was responsible for the pre-flight preparation and in-flight operation of the 
TAFTS instrument. The recorded radiance measurements are compared to simulations, which 
are made using the cirrus scattering and radiative transfer models described in Chapter 4. 
This work represents the first time that these scattering databases have been tested in the FIR 
spectral region.  
Finally, Chapter 8 concludes and summarises all the work presented herein, and suggests 
possible improvements and future work. 
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2 Background and current research areas 
This chapter provides an introduction to the atmospheric physics relevant to the work 
presented in this thesis, and a summary of the research that has currently been carried out in 
this field. Firstly the radiative balance of the Earth is discussed, with an explanation of the 
greenhouse effect and the role of atmospheric gases. The significance of the far-infrared 
(FIR) spectral region is then outlined. The importance of water vapour in the climate system 
is then discussed, detailing how it contributes to the greenhouse effect, and its behaviour 
under climate change. The continuum contribution to water vapour absorption is introduced, 
and previous studies are discussed. Cirrus clouds and their role in the atmosphere are then 
introduced, including a description of their physical and radiative properties, and a review of 
observation techniques and recent research. 
2.1 Radiative balance of the Earth 
This section provides an overview of the importance of atmospheric gases in regard to the 
Earth's climate, leading into a discussion of the radiation budget of the Earth. The 
significance of the far-infrared spectral region is then shown, as the majority of radiation 
from the Earth’s surface is emitted at wavelengths in this region. 
2.1.1 The role of the atmosphere  
The Earth’s atmosphere is composed of a mixture of gases, predominantly nitrogen and 
oxygen, but with minor constituents carbon dioxide, water vapour and ozone playing 
important roles. The atmosphere is constantly bombarded by photons from the sun at all 
wavelengths. These photons can either be scattered by atmospheric gases or aerosol, reflected 
back to space by clouds or the Earth’s surface, absorbed by atmospheric gases or aerosol 
(leading to heating of the atmosphere) or they may reach the Earth’s surface, causing 
warming. The Earth and atmosphere may then emit photons at infrared wavelengths, which in 
turn can be absorbed, scattered etc. These radiative-transfer processes are the major methods 
in which heat is transferred from one region of the system to another. Following the method 
in Andrews [2010], the effect of the atmosphere can be investigated by considering two 
simple models; the first of the Earth with no atmosphere, and the second taking the effect of 
the atmosphere into account.  
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2.1.1.1 A simple radiative model with no atmosphere  
The solar constant (total irradiance emitted from the sun) at the Earth’s mean distance 
is  𝐹𝑆 = 1370 𝑊𝑚
−2. However not all of this power is available to heat the Earth’s surface - 
the amount intercepted by the Earth is contained in a tube of cross-sectional area  𝜋𝑎2  where 
𝑎 is the radius of the Earth (see Figure 2.1). Therefore, the total solar energy received by the 
Earth from the sun is 𝐹𝑠𝜋𝑎
2. 
 
Figure 2.1: Schematic showing the calculation of the amount of solar energy intercepted by 
the Earth. The parallel arrows represent solar radiation, the radial arrows outgoing thermal 
radiation.  
The albedo A of the Earth is 0.3 i.e. 30% of incoming shortwave radiation is reflected back to 
space. Total absorbed solar energy is therefore (1 − 𝐴)𝐹𝑆𝜋𝑎
2. Assuming the Earth emits as a 
black body, then the power emitted can be described by the Stefan-Boltzmann equation: 
𝑃𝑜𝑤𝑒𝑟 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎 =  𝜎𝑇4 
2.1 
where 𝜎  is the Stefan-Boltzmann constant. An equilibrium expression can be therefore 
written as 
(1 − 𝐴)𝐹𝑆𝜋𝑎
2 = 4𝜋𝑎2𝜎𝑇4 
2.2 
This gives the temperature of the Earth as 𝑇 ≈ 255 𝐾, which is much lower than the observed 
mean surface temperature of  𝑇 = 288 𝐾. This difference must therefore be accounted for by 
the presence of the atmosphere, which can now be considered. 
 
 
 
 
 
24 
2.1.1.2 A simple radiative model including an atmosphere  
Consider adding a layer of atmosphere of temperature 𝑇𝑎 to the model described above. The 
solar flux at the top of the atmosphere, taking into account albedo and the intercepted area, is 
𝐹 =
1
4
(1 − 𝐴)𝐹𝑆 ≈ 240 𝑊𝑚
−2 
2.3 
Of this, a fraction  𝜏𝑆𝑊𝐹  is absorbed by the ground and therefore (1 − 𝜏𝑆𝑊)𝐹 is absorbed by 
the atmosphere, where  𝜏𝑆𝑊  is the fraction of shortwave radiation transmitted by the 
atmosphere. Assuming the surface emits as a black body, then from equation 2.1 the emitted 
flux from the surface is 𝐹𝑔 = 𝜎𝑇𝑔
4 . The longwave transmittance of the atmosphere is 𝜏𝐿𝑊 and 
therefore the fraction of surface radiation reaching the top of the atmosphere is 𝜏𝐿𝑊𝐹𝑔 . The 
remainder is absorbed by the gases in the atmosphere, which in turn emits as a black body, 
emitting a flux of  𝐹𝑎 = (1 − 𝜏𝐿𝑊)𝜎𝑇𝑎
4 both upwards and downwards. These processes are 
summarised in Figure 2.2.  
 
 
Figure 2.2: A simple model of the greenhouse effect.  
If the system is in radiative equilibrium, then the fluxes can be equated as 
𝐹 = 𝐹𝑎 + 𝜏𝐿𝑊𝐹𝑔 
2.4 
above the atmosphere and 
𝐹𝑔 = 𝐹𝑎 + 𝜏𝑆𝑊𝐹 
2.5 
below the atmosphere.  
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Rearranging and eliminating 𝐹𝑎 gives 
𝐹𝑔 = 𝜎𝑇𝑔
4 = 𝐹
1 + 𝜏𝑆𝑊
1 + 𝜏𝐿𝑊
 
2.6 
Approximate values for 𝜏𝑆𝑊 and 𝜏𝐿𝑊 in the Earth’s atmosphere are 0.9 and 0.2 respectively, 
giving a temperature for the Earth’s surface of  𝑇𝑔 ≈ 286 𝐾 , a much closer value to the 
observed mean temperature.  
This is a simple model of the greenhouse effect, a natural phenomenon that accounts for the 
difference between the external radiative temperature of the planet, and the warmer surface 
temperature - a difference that allows life to flourish. The effect arises due to the fact that 
most incident shortwave radiation from the sun is transmitted to the ground (i.e. passes easily 
through the atmosphere) while most outgoing longwave radiation emitted from the Earth’s 
surface is absorbed by gases within the atmosphere, resulting in ‘trapping’ of the heat. Gases 
that contribute strongly to this effect by allowing solar radiation to be transmitted but 
absorbing and emitting longwave radiation are known as greenhouse gases [Andrews, 2010]. 
If there are clouds present, the effect on the system is less well understood, and this is an 
active research area. However, it can be said that the presence of clouds has a two-fold effect: 
Firstly, clouds can reflect the incoming solar radiation back to space, resulting in a cooling 
effect. Secondly, they can absorb upwelling longwave radiation from the Earth, thereby 
causing warming. Which of these two effects is dominant depends on the microphysical 
properties of the clouds e.g. particle composition, size, shape and concentration, cloud 
altitude and temperature [Harries, 2000]. This is further discussed in §2.3. 
2.1.2 The Earth’s radiative energy budget 
The amount of energy provided to the Earth-Atmosphere system from the Sun is known as 
the radiative energy budget, as shown in Figure 2.3. On the left-hand side of Figure 2.3 
incoming shortwave radiation is shown to take part in four main processes; it may be 
reflected back to space by clouds, aerosols and atmospheric gases, or by the Earth’s surface, 
or it can be absorbed by the surface or by gases in the atmosphere.  The right-hand side of 
Figure 2.3 shows the processes that occur when longwave radiation is emitted from the Earth. 
It can be seen that apart from a small amount that emits straight to space in the atmospheric 
window region (described further below) all of the emitted LW radiation is absorbed by 
clouds or by greenhouse gases in the atmosphere. These then re-emit radiation to space (the 
OLR) or back down to the surface. The method by which greenhouse gases absorb longwave 
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radiation is through the gas molecules being excited by the available energy, causing 
translational, vibrational or rotational movements. Since these vibrational, rotational and 
transitional energy levels are quantized, energy exchanges can only occur at discrete energies. 
Energy is proportional to frequency (𝐸 = ℎ𝑓), and therefore the atmosphere will only absorb 
and emit radiation at certain frequencies.  
Radiation in the atmosphere is described by various parameters including frequency  𝑓 , 
wavelength 𝜆 or wavenumber 𝜐, all of which are related by the speed of light 𝑐 as shown in 
equations 2.7 and 2.8 below. 
𝑐 = 𝑓𝜆 
2.7 
𝜐 =
1
𝜆
=
𝑓
𝑐
 
2.8 
 
Figure 2.3: Estimate of the Earth's annual and global mean energy budget, all units are in 
Wm
-2
. From  Kiehl and Trenberth [1997].  
The main greenhouse gases in the atmosphere and the wavenumbers at which they absorb can 
be seen in Figure 2.4, which shows the spectral Outgoing Longwave Radiation (OLR) at the 
Top of the Atmosphere (TOA) for five different standard atmospheres. If no gases were 
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present, the spectrum would be a smooth Planck radiation curve; however absorption lines at 
the wavenumbers of the molecular energy states can be seen. The five different atmospheres 
for which spectra are shown are tropical (blue), mid-latitude summer (green), sub-arctic 
summer (red), mid-latitude winter (yellow) and sub-arctic winter (purple). Figure 2.4 shows 
that the colder atmospheres (i.e. the winter ones) emit lower radiances due to the colder 
temperature of the Earth’s surface.  
The differences between a Planck radiation curve at the Earth’s surface temperature and the 
OLR at TOA is known as the greenhouse parameter  𝐺𝜐 , which can be calculated from 
equation 2.9, where 𝜎 is the Stefan-Boltzmann constant, 𝑇𝑠 is the surface temperature, and 
𝑇𝑒,𝜐 is the effective temperature of the emitted radiation at wavenumber 𝜐.  
𝐺𝜐 = 𝜎(𝑇𝑠
4 − 𝑇𝑒,𝜐
4 ) 
2.9 
𝐺𝜐 is plotted for five standard atmospheres in Figure 2.5, along with the Planck radiation 
curves for emission at the surface temperature of each atmosphere. Figure 2.5 clearly shows 
that the large CO2 absorption band centred at 667 cm
-1
 is responsible for the largest values 
of 𝐺𝜐, however the absorption caused by water vapour spreads over a much larger range of 
wavenumbers. In the longwave FIR region water vapour is the dominant absorbing species, 
and this region provides a high fraction of the total OLR absorbed by the atmosphere (see 
§2.1.3).  Also visible in the diagram is the atmospheric window region 800-1250 cm
-1
, where 
values of  𝐺𝜐 are close to zero; this spectral region is relatively transparent as there are few 
absorbing species.  
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Figure 2.4: Spectrum of OLR at TOA for five standard atmospheres, indicating the principal 
greenhouse gases in each spectral region. 
 
Figure 2.5: Greenhouse parameter (solid lines) as a function of wavenumber for five 
standard atmospheres, with surface temperature emission (dashed lines) 
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2.1.3 The importance of the far-infrared region 
When viewed from space, the Earth may be described as an infrared object, as it emits 
radiation in the longwave part of the electromagnetic spectrum from wavelengths of around 1 
mm to 4 μm (10-2500 cm-1). This includes the regions known as the far-infrared (FIR) and 
the mid-infrared (MIR). There is no formal definition of where the boundary of the FIR 
occurs, but it is generally accepted to be wavelengths greater than about 15 μm, or 
wavenumbers below 667cm
-1
 [Harries et al., 2008]. The effective surface emitting 
temperature of the Earth is ≈ 288 K as discussed in §2.1.1, and at this temperature the Planck 
curve peaks at around 500 cm
-1
, meaning that the majority of OLR from the Earth is indeed in 
the FIR region. If it is taken into account that the Earth’s upper troposphere falls to 
temperatures as low as 230 K (and therefore would emit radiation at longer wavelengths), it 
has been found that (depending on the latitude and humidity) between 27 and 35 % of the 
total energy escaping to space is of wavenumbers below 500 cm
-1 
[Sinha and Harries, 1995], 
and up to 45 % is below the FIR ‘boundary’ of 667 cm-1 [Harries et al., 2008]. 
Figure 2.6 shows the radiative cooling rates for a clear sky (i.e. cloud free) tropical and a 
subarctic winter standard atmosphere as calculated by Brindley and Harries [1998]. A 
radiative cooling (or heating) rate may be defined as the rate of energy loss (or gain) of a 
volume of the atmosphere, 𝑑𝑄 𝑑𝑡⁄ = 𝑄, where 𝑄  is heat energy. It can be evaluated as a 
function of altitude 𝑧  and spectral wave number  𝜐 , thus identifying those regions of the 
atmosphere which contribute the most to emission of radiation to space. The cooling rate is 
equal to the vertical gradient of the net radiative flux  𝐹𝑁 , (where net radiative flux = 
downwelling flux - upwelling flux, or  𝐹𝑁 = 𝐹
↓ − 𝐹↑  [Andrews, 2010]) and is usually 
expressed as a rate of change of temperature for the volume of air concerned. The total 
radiative cooling rate may be found by integrating equation 2.10 over 𝜐 and 𝑧 [Harries et al., 
2008]. 
ℎ𝜐(𝑧) =
𝑑𝑇𝜐(𝑧)
𝑑𝑡
=
𝑄𝜐
𝜌(𝑧)𝑐𝑝
=
1
𝜌(𝑧)𝑐𝑝
𝑑𝐹𝑁,𝜐(𝑧)
𝑑𝑧
 
2.10 
In Figure 2.6 the radiative cooling rates for both (a) tropical and (b) subarctic winter standard 
atmospheres is shown to be high at wavenumbers in the FIR below 667 cm
-1
. This reinforces 
the importance of the FIR to the radiative balance of the Earth, as one third and one quarter of 
the total greenhouse forcing occurs in this region for the subarctic and tropical atmospheres 
respectively [Brindley and Harries, 1998].  Additionally, Figure 2.6 shows that radiative 
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cooling rates are high at pressures of 200-800 mb, i.e. in the mid-to upper troposphere where 
clouds are likely to be located. 
As discussed in §2.1.2, the main absorbing atmospheric gas in the FIR is water vapour. In 
addition, there is absorption and scattering of radiation at these wavelengths by clouds, 
particularly cirrus, which is composed of ice crystals. The remainder of this chapter goes on 
to describe the effects of water vapour and cirrus in the atmosphere.  
 
 
 
Figure 2.6: Cooling rate from the Earth’s surface to TOA for (a) tropical and (b) subarctic 
winter standard atmospheres with no clouds present. From Brindley and Harries [1998] 
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2.2 Atmospheric water vapour 
2.2.1 Introduction 
The importance of water vapour as a greenhouse gas was first identified by John Tyndall in 
1861. From his laboratory experiments, he determined that the dominant trapping of heat in 
the atmosphere was primarily due to the trace gases water vapour and carbon dioxide, which 
constitute less than 1% of the atmospheric mass [Tyndall, 1861]. As described in §2.1, 
atmospheric water vapour absorbs strongly in the infrared in the spectral region 0-800 cm
-1
 
and is the most significant absorber of atmospheric radiation below 600 cm
-1
. It is therefore 
important that its spectrum is accurately defined if the Earth’s energy balance is to be 
understood. 
Discussions on climate change often focus on increased concentrations of CO2 caused by 
anthropogenic activity and the resultant rise in global temperatures as the increased CO2 
levels absorb a higher fraction of radiation. In comparison, water vapour may not appear to 
contribute significantly to climate change, as human activity does not directly increase its 
levels in the atmosphere by any great amount. However, it still has a critical effect, and this 
can be explained by examining the two main processes behind changes in climate - forcings 
and feedbacks. Forcings can be broadly defined as direct changes due to an external input i.e. 
the global temperature changes directly caused by an increase in solar irradiance, or increased 
CO2 levels, or an increase in atmospheric aerosol caused by volcanic activity. Feedbacks on 
the other hand, are the changes in the climate which occur in response to forcings. Research 
has shown that the recent increases in CO2 (a forcing) will cause higher surface temperatures, 
which in turn will lead to increased evaporation from the oceans and a higher concentration 
of atmospheric water vapour. This would create further surface warming due to the increased 
absorption of radiation, and therefore further evaporation and so on. Figure 2.7 shows this 
cycle, with the white curls indicating evaporation, which is balanced by precipitation. The red 
arrows demonstrate the outgoing infrared radiation, which is partially absorbed by water 
vapour and other greenhouse gases. The upper-left insert in Figure 2.7 shows how the amount 
of atmospheric water vapour changes with a change in temperature; this is roughly equal to a 
7% change in water vapour with every degree change in temperature [IPCC, 2013]. 
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Figure 2.7: Illustration of the water cycle and its interaction with the greenhouse effect. The 
insert (upper-left) shows how the amount of atmospheric water vapour would increase with 
an increase in temperature. From IPCC [2013]. 
 It is through this feedback process that water vapour makes a significant contribution to the 
enhanced greenhouse effect [Harries, 2000; IPCC, 2013]. This is described as a positive 
feedback, as the effect of warming the climate is to produce more warming. Conversely, a 
negative feedback would be one in which warming the climate creates a cooling effect in 
response.  
If these effects are to be parameterised in a model, the absorption and emission spectra of 
water vapour must be known accurately, particularly in the far-infrared at wavenumbers 
below 667 cm
-1 
[Harries et al., 2008]. Absorption by water vapour has a notable feature; the 
water vapour continuum, which is discussed in the following section.  
2.2.2 The water vapour continuum  
As discussed in §2.1.2, absorption and emission of radiation by atmospheric gases is caused 
by excitations or de-excitation of electrons between levels, or by vibrational or rotational 
movements of the molecules. These energy changes are discrete, and thus result in well-
defined spectral lines at known wavelengths. However, in addition to the absorption from 
individual spectral lines, water vapour exhibits an underlying slowly varying component 
known as the continuum, which can be observed in the microwindows between lines [Shine 
et al., 2012].   
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A cause of the continuum absorption was first put forward by Elsasser [1938a, 1938b], who 
after noticing that the absorption was not at wavelengths where water vapour has vibrational 
or rotational bands, theorised that the absorption was caused by the ‘far wings’ of strong 
water monomer lines. These far wings are due to broadening of spectral lines, which changes 
the wavelengths of allowed transitions slightly, and photons of slightly greater or smaller 
wavelengths may be absorbed or emitted. The result of this is that instead of being thin and 
well defined, single spectral lines typically have a bell curve shape, the peak and HWHM of 
which depends on temperature and pressure [Harries et al., 2008].  This broadening is caused 
by several processes including the Doppler Effect, collisions with other molecules or effects 
of neighbouring molecules, and is discussed further in §4.2.  
A different explanation for continuum absorption in the microwave region was given by 
Viktorova and Zhevakin [1967], who suggested that the water dimer rotational spectrum was 
causing the additional absorption. Penner and Varanasi  [1967] then also proposed that the 
absorption was due to ‘intermolecular coupling’ rather than the water monomer. The water 
dimer (H2O) 2 is caused by water molecules forming temporary bonds when they collide in 
the atmosphere. Water vapour is especially prone to this, as it is a strongly polar molecule i.e. 
it has an unbalanced distribution of electrons between the oxygen and hydrogen ions. This 
results in a negative charge around the oxygen ion and a positive charge around the hydrogen 
ions, allowing the molecule to make asymmetric vibrations and rotations. Two water 
molecules are able to form a bond through their opposing positive and negative charges, 
making a water dimer [Shine et al., 2012]. These dimers are thought to contribute to the 
absorption spectrum of water vapour by the interaction of the dipoles changing the 
wavelengths of the vibrational and rotational states in the molecule [Ptashnik, 2008]. Water 
vapour may also form similar bonds with molecules of other atmospheric components such as 
N2 and O2. Again, this alters the distribution of charges and perturbs the vibrational and 
rotational states, contributing to the absorption spectrum [Rowe and Walden, 2009]. These 
two sets of interactions, water-water and water-air, are known as the self-broadened and 
foreign-broadened continuum respectively [Held and Soden, 2000]. 
The true cause of the continuum has not yet been resolved, however in order to determine 
how the water vapour continuum affects the Earth’s energy budget, it is necessary to be able 
to represent its absorption accurately in radiative transfer models. In the FIR region of the 
spectrum, the shape of the water vapour absorption lines can be described by a Voigt 
lineshape. However, in the ‘wings’ extending either side of the absorption lines, there is a 
deviation from this model. The width and intensity of these wings depends on wavenumber, 
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temperature, pressure and interactions with other molecules. An early model of the 
continuum was formulated by Clough, Kneizys and Davies (CKD) [Clough et al., 1989], and 
was adopted by many atmospheric radiative transfer models including the General Line-by-
Line Atmospheric Transmittance and Radiance Model (GenLn2) [Edwards, 1992] and the 
Line By Line Radiative Transfer Model (LBLRTM) [Clough et al., 2005], both of which 
have been used in many studies of water vapour absorption. The CKD model has undergone 
frequent updates since it was originally developed, as more data has become available. It is a 
semi-empirical model, based on a theoretical framework that is adjusted to fit new 
observations.  
The CKD model assumes that all absorption within ±25 cm
-1 
of the line centre is the principal 
line, and all absorption beyond this is due to the continuum. The lineshape function used is 
the Lorentz function 
𝐿(𝜈 ± 𝜈𝑖) =
1
𝜋
𝛼𝑖
(𝜈 ± 𝜈𝑖)2 + 𝛼𝑖
2 
2.11 
where 𝜈 is wavenumber relative to a line centre at wavenumber 𝜈𝑖𝑖, with line half-width 𝛼𝑖. 
The continuum is incorporated through two functions  𝜒(𝜈), one for each of the foreign- and 
self- continua, which are multiplied by the line function given in equation 2.11 to give the 
line strength including the continuum contribution. 
The foreign- and self-broadened continuum coefficients can therefore be defined as 
𝐶(𝜈) = ∑ 𝑆𝑖[𝐿(𝜈 − 𝜈𝑖)𝜒(𝜈 − 𝜈𝑖) + 𝐿(𝜈 + 𝜈𝑖)𝜒(𝜈 + 𝜈𝑖)]
𝑖
 
2.12 
where the sum is performed over all water vapour lines and 𝑆𝑖 is the intensity of the transition 
at wavenumber 𝜈𝑖𝑖, with line half-width 𝛼𝑖 [Mlawer et al., 2012]. 
The most major update to the CKD model was in 2003, when it was replaced in the majority 
of radiative transfer models by the Mlawer-Tobin-CKD (MT-CKD) version [Mlawer et al., 
2003]. This newer formulation retains much of the original but has an updated set of 
functions to account for continuum measurements. It assumes that both far wings of 
lineshapes and collisional broadening (both self- and foreign-broadened components) 
contribute to continuum absorption, based on measurements of downwelling infrared 
radiances made by Turner et al. [2004]. It was also found that the collision induced 
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absorption is the dominant contributing factor within water vapour absorption bands, while 
far wings contribute more strongly in between these bands [Mlawer et al., 2003]. Figure 2.8 
shows TOA simulated radiances produced using the radiative transfer model LBLRTM, using 
a standard mid-latitude winter profile. One simulation includes the most recent MT-CKD 
v2.5 model and one has no contribution from continuum absorption. Figure 2.8 shows that 
the effect of the continuum is visible in the microwindow regions in between the spectral 
lines, where the spectrum including the continuum has lower radiances due to the increased 
absorption. This is because the continuum effect is a weak background absorption, and as 
such only has a significant contribution in those spectral regions where there is little 
absorption by spectral lines. 
 
Figure 2.8: LBLRTM simulations of TOA upwelling radiances using a mid-latitude winter 
standard profile. The spectrum in blue includes the MT-CKD v2.5 continuum model, the 
spectrum in black does not. 
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2.2.3 Recent water vapour continuum studies 
There have been recent studies to improve the water vapour continuum formulation in the far-
infrared, a region of the spectrum that has not formerly been extensively studied, due to 
limitations in instrumentation.  
Work by Green et al. during the Continuum Absorption by Visible and IR radiation and its 
Atmospheric Relevance (CAVIAR) airborne campaign over the Swiss Alps validated the 
current model parameterisation (MT-CKD 2.5) at wavenumbers above 300 cm
-1 
but 
recommended it be strengthened in the FIR by up to 50% below 100 cm
-1
 [Green et al., 
2012].  
The Radiative Heating in Underexplored Bands Campaign (RHUBC) [Turner and Mlawer, 
2010] at the Atmospheric Radiation Measurement (ARM) site in Barrow, Alaska, used two 
radiometers, AERI-ER (range 520-3020 cm
-1
) and TAFTS (range 350-500 cm
-1
), to take 
ground-based measurements of clear-sky downwelling radiances which were identified as 
being particularly good for investigating the water vapour continuum. The data recorded by 
AERI-ER resulted in a major update to the continuum parameterisation (MT-CKD 2.4) in the 
FIR range 400-600 cm
-1
 [Delamere et al., 2010], and it is the analysis of the TAFTS 
measurements from this campaign [Fox et al., 2015] that forms part of the work presented 
here (see §5). 
The second phase of RHUBC took place in the Atacama Desert, Chile, in 2009 [Turner and 
Mlawer, 2010] and during this study three radiometers were deployed simultaneously: the 
Far-Infrared Spectroscopy of the Troposphere instrument (FIRST, [Mlynczak et al., 2006]), 
the Radiation Explorer in the Far InfraRed (REFIR, [Palchetti et al., 2005]) and an AERI 
[Knuteson et al., 2004a]. Radiances from the three instruments were compared and found to 
agree within their overlap ranges, and data from FIRST (measurement range 100-1000 cm
-1
) 
was used to validate the MT-CKD v2.1 and v2.4 continuum models. It was found that the 
models were not accurately representing the observations in the region 200-300 cm
-1
 [Cageao 
et al., 2010]. 
Downwelling spectral radiances in the range 180-1100 cm
-1
 were recorded at the Dome-C 
site in Antarctica using the Radiation Explorer in the Far InfraRed – Prototype for 
Applications and Development (REFIR-PAD) instrument [Bianchini and Palchetti, 2008], 
and analysed by Liuzzi et al. [2014]. Their findings show good consistency between the 
current MK-CKD 2.5 model and observations, extending validation of this model much 
further into the FIR region. However this study highlighted discrepancies between 
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measurements and model simulations of >10 % at wavenumbers below 350 cm
-1
, and 
concludes that water vapour absorptive line strengths may need to be adjusted [Liuzzi et al., 
2014]. 
2.3 Radiative properties of cirrus 
Cirrus clouds are high, icy clouds that often have a tenuous or ghostly appearance to the 
observer. However, their importance in the radiation budget and hydrological cycle of the 
Earth should not be underestimated. This section highlights the microphysical and 
macrophysical properties of cirrus, its bulk scattering properties, and the impact of these 
properties on a global climate model. 
Cirrus is a cold cloud consisting of ice particles. For these to form, temperatures must be low 
and therefore altitudes must be high; usually at least 6 km, with pure ice clouds existing at 
temperatures lower than 230K [Guignard et al., 2012]. Cirrus is ubiquitous over the globe, 
present at all latitudes and relatively stable and long-lived, but because of its height in the 
atmosphere has not been extensively studied.  Space-based satellite measurements reveal that 
about 30% of the Earth is covered by cirrus at any one time, with 60-80% coverage in the 
tropics [Wylie et al., 1994; Stubenrauch et al., 2006; Nazaryan et al., 2008; Lee et al., 2009; 
Guignard et al., 2012]. Infrared satellite measurements show that semi-transparent cirrus 
make up 25% of all high clouds [Guignard et al., 2012], and satellites operating in the visible 
region record that tropical daytime cirrus occurs about 40% of the time during January-July 
[Heidinger and Pavolonis, 2005].  
Figure 2.9 shows the globally distributed fraction of high, middle, and low cloud in 
December-February and June-August, and from panels (a) and (e) illustrates that much of the 
high cirrus is located over the tropical zones between 60°N and 60°S.These wide-ranging 
spatial and temporal distributions indicate that cirrus is an important cloud type in its 
significance to the Earth’s climate system. The most recent fifth assessment report of the 
Intergovernmental Panel on Climate Change [IPCC, 2013] identified the role of cirrus as a 
major source of uncertainty; cirrus has poor representation in GCMs [Eliasson et al., 2011] 
and uncertainties are particularly large concerning microphysical processes affecting both 
cirrus amount and cloud opacity. 
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Figure 2.9: Mean 2006-2011  cloud cover from CloudSat/CALIPSO [IPCC, 2013] 
2.3.1 The radiative effect of cirrus 
The effect that cirrus has upon the radiation balance of the atmosphere can be summarised as 
the sum of the shortwave radiative effect and the longwave radiative effect, which are the 
differences between the cirrus reflected flux and the clear-sky reflected flux in the shortwave 
and longwave regions respectively. The balance between these greenhouse and albedo effects 
determines the net impact of cirrus on the climate system [Lynch et al., 2002]. It has been 
shown that which process dominates is sensitive to the microphysical and macrophysical 
properties of the cloud, which in turn depend on their composition and location [Stephens et 
al., 1990].  
In general, the shortwave radiative effect is negative (i.e. cirrus has a cooling effect on the 
Earth’s surface) as the presence of cirrus cloud acts to reflect a greater portion of the 
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incoming solar shortwave radiation back to space, preventing it from reaching the Earth or 
being absorbed by the atmosphere. Conversely the longwave radiative effect is generally 
positive (i.e. cirrus has a warming effect) as cirrus traps the emitted longwave radiation from 
the Earth, leading to greater absorption in the atmosphere. The net radiative effect of cirrus 
can therefore be positive, negative, or neutral [Baran, 2012]. 
The net radiative effect of cirrus is dependent upon a number of parameters including the 
cloud altitude and geometric size, the particle size distribution (PSD) and habit (shape) of the 
ice crystals that make up the cirrus, and the mass of ice contained within the cloud (the ice 
water content, IWC).  The optical depth of the cloud, τ, which can be defined as the 
approximate ratio between the column integrated IWC and the ice crystal effective dimension 
(the longest axis of the crystal shape), is very important in determining how much radiation is 
transmitted or reflected. However, these properties are all highly variable and therefore 
difficult to parameterise in GCMs, leading to large uncertainties in studies investigating the 
effect that cirrus has on the Earth-atmosphere radiation [Ringer et al., 2006; Edwards et al., 
2007; Gu et al., 2011].  
In order to reduce these uncertainties in the cirrus radiative effect, space-based measurements 
of the warming or cooling of cirrus have been recorded by satellite instruments. Choi and Ho 
[2006] examined six years (2000-2005) of cirrus observations from the MODIS and CERES 
instruments and found that the optical depth of tropical cirrus greatly affects the radiative 
effect: an optical depth of τ < 10 gives a warming effect, and an optical depth of τ > 10 gives 
a cooling effect. Additionally, they found that over 60% of tropical cirrus is optically thin, 
leading to an overall warming between 25°N-25°S, as the abundance of thinner cloud 
dominates over the cooling effect of the thicker clouds [Choi and Ho, 2006]. 
Other studies have shown the importance of ice crystal size and shape to the overall radiative 
effect of cirrus. Zhang et al. [1999] demonstrated that changing crystal size and keeping all 
other parameters constant (IWC, cloud vertical extent, crystal shape) resulted in a change in 
the flux at the Earth’s surface from a cooling of -40 Wm-2 with small crystals, to a warming 
of 20 Wm
-2 
 with larger ice particles. Additionally, a study by Fu [2007] found that for a 
cirrus cloud of optical depth τ = 4, a change in the aspect ratio (i.e. ratio of length to 
diameter) of pristine hexagonal ice crystals from 1.0 to 0.1 would result in a change in 
shortwave radiative cooling from -30 Wm
-2
 to -70 Wm
-2
 respectively. Another parameter that 
has been found to affect the scattering of ice crystals is surface roughness. Laboratory studies 
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by Ulanowski et al. [2006] showed that ice crystals whose surfaces were roughened could 
reflect almost twice as much incident solar radiation back to space than smooth crystals, 
implying that cirrus made up of rougher crystals would have a much greater cooling effect. 
These studies show that not only is cirrus cloud an important factor in the radiative balance of 
the Earth, but that its radiative effect is strongly dependent upon microphysical and 
macrophysical properties. Therefore, in order to improve the representation of cirrus in 
GCMs, and assess how this may change under the effect of climate change, a better 
understanding of these underlying properties is essential. 
2.3.2 Cirrus properties 
The properties of cirrus clouds are highly variable from cloud to cloud, and it is therefore 
difficult to assign a single set of values by which to characterise them in GCMs [Dowling and 
Radke, 1990]. This is particularly important when considering the radiative impact of cirrus 
on climate, as their infrared radiative properties are intrinsically linked to their physical 
properties [Stephens et al., 1990]. Macrophysical properties are those which refer to the bulk 
physical properties of a whole cirrus cloud layer, while microphysical properties describe the 
properties of individual ice crystals that make up the cloud.  
2.3.2.1 Macrophysical properties  
Cirrus clouds are composed predominantly of ice, and it is this property that distinguishes 
them from the majority of other cloud types, which are composed of water droplets or a 
mixture of both ice and liquid water. Cirrus range in altitude from 4-20 km depending on 
latitude and season and have thickness varying between 0.1-8 km. Their IWC ranges between 
0.0001-1.2 gm
-3
 and their visible optical thickness can vary from sub visual to opaque. This 
significant variation in properties results in many uncertainties when modelling the effect of 
cirrus on climate [Lynch et al., 2002].  
It is also uncertain how the properties of cirrus will change with changes in climate. In model 
studies, an increase in CO2 causes increased cloudiness around the tropopause and reduced 
cloudiness in the upper troposphere, thus increasing the height of the cloud layer. This height 
increase has a two-fold effect: firstly, a higher cloud top has a lower temperature, thus 
reducing the upward radiation from the top of the atmosphere [Wetherald and Manabe, 
1988]. Secondly, an increase in height changes the microphysical properties of the cloud. 
Studies show that increasing height clearly corresponds with increasing ice particle number 
density, decreasing effective radius, decreasing ice content and increasing net radiative 
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forcing [Jensen et al., 1994]. Thus, the increase in CO2 has a warming effect on the climate. 
An increased cloud height would also increase the amount of infrared radiation absorbed, as 
studies have shown that maximum absorption occurs in higher clouds, and least absorption in 
lower cloud. Again this would give a positive climate feedback from cirrus [Maestri and 
Rizzi, 2003]. However, it has also been shown that for cirrus clouds with an optical depth 
greater than τ = 0.8, the increase in scattering and reflection of incoming solar radiation by 
ice crystals may outweigh the warming effect and overall be a negative feedback [Ou and 
Liou, 1984]. Thus the impact of climate change on cirrus is complicated, and even more so 
when microphysical properties are taken into account.  
2.3.2.2 Microphysical properties  
Cirrus clouds are composed predominantly of ice crystals, which vary in size from <10μm to 
many thousands of microns, and form a great variety of different shapes [Heymsfield and 
Miloshevich, 2003; Field et al., 2007]. The amount of solar radiation transmitted and 
reflected from the clouds is determined by how light is scattered by these crystals. Climate 
models parameterise this scattering using the asymmetry parameter 𝑔, which represents the 
amount that light is scattered in the direction of the incident beam, and the optical depth 𝜏, 
which gives the vertically integrated extinction of radiation entering the cloud [Garrett, 
2003]. Using these two values, the fraction of solar radiation reflected by a cirrus cloud (the 
albedo) is approximately given by  
𝐴 ≈
𝜏′
1 + 𝜏′
 
2.13 
where 
𝜏′ = √
3
2
(1 − 𝑔)𝜏 
2.14 
However, for cirrus, the parameters 𝑔 and 𝜏 are not well defined [Meador and Weaver, 1980]. 
The asymmetry term 𝑔  is dependent on ice crystal shape and size, but as this is highly 
variable throughout cirrus, climate models often assume a single habit for all crystals, or an 
idealised mix of habits is used [Baran, 2005; Baran and Labonnote, 2007; Baum et al., 2014] 
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In reality, ice crystals have irregular shapes that are not consistent through the extent of the 
cloud, giving a range of values for 𝑔; measurements in extra-tropical ice clouds generally 
show values for 𝑔 of 0.73-0.78 [Garrett et al., 2001]. The shape or ‘habit’ of the ice crystals 
has been found to be dependent on temperature and relative humidity as well as collision and 
coalescence processes in the clouds [Liou, 2002]. Ice crystal habits are generally classified 
using the scheme developed by Magono and Lee [1966], with examples shown in Figure 
2.10. 
 
Figure 2.10: The habits of ice crystals as a function of both ambient temperature and ice 
supersaturation (IWC) [Emersic, 2012] 
The relationship between crystal habit and temperature is summarised in Table 2.1, which 
shows hollow columns and hexagonal plates being dominant near the cloud top, spatial 
crystals such as bullet rosettes the most abundant above temperatures around -40°C and 
hollow or solid crystals dominating below about -50°C [Heymsfield and Platt, 1984]. 
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Table 2.1: Ice crystal habits observed in cirrus clouds [Heymsfield and Platt, 1984] 
Temperature Within main portions of cloud Near cloud top 
Convective clouds Stable clouds 
Above -40°C Spatial crystal forms 
Some columns, plates, bullets 
Hollow columns, 
hexagonal plates 
-40°C to -50°C Predominantly spatial 
crystal forms 
Predominantly 
hollow columns 
Hollow columns, 
hexagonal plates 
Below -50°C Predominantly 
hollow or solid 
columns, some 
hexagonal plates 
Predominantly 
hollow or solid 
columns, thick 
hexagonal plates 
Hollow or solid 
columns, some 
hexagonal plates 
 
The crystals at the top of the cloud are likely to be smaller because cirrus growth is 
proportional to vapour pressure. As vapour pressure is lower at higher altitudes, hence the 
crystals are smaller [Lynch et al., 2002]. The distance from the top of the cloud has been 
found to be proportional to crystal size i.e. larger crystals are more likely to be found at the 
base of the cloud [Heymsfield et al., 1990]. This is due to crystals falling through the cloud 
with gravity, giving them more time to grow and collide, forming large, irregularly shaped, 
aggregate crystals [Heymsfield et al., 2002]. Thus a single cloud can contain a range of 
particle sizes, from small single ice crystals at cloud top, to aggregated crystals several cm in 
size at cloud base. The number density of ice particle sizes is known as the particle size 
distribution (PSD) [Field et al., 2005, 2007]. An example of several PSDs measured by the 
2DC cloud probe during the airborne WINter EXperiment (WINTEX) campaign [Cox et al., 
2010]  is shown in Figure 2.11. The measurements are taken within cirrus of visible optical 
thicknesses 𝜏 = 0.3 and 𝜏 = 0.1, at four different altitudes. It can be seen that the maximum 
size of the PSD increases with decreasing height, this is due to large aggregate particles 
forming as crystals fall through the cloud as discussed above. Figure 2.11 also indicates a 
higher number of particles in the optically thicker cirrus than the optically thin. 
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Figure 2.11: In situ particle size distributions measured above optically thin and thick cirrus. 
From Cox et al.  [2010] 
2.3.3 Observation of cirrus 
Modern research into cirrus properties employs the use of many instruments: aircraft probes, 
airborne and ground-based remote sensing using lidar and radar, and radiometric probing by 
satellite. Information about cirrus optical properties can be retrieved from radiometric 
observations if it is known how these properties vary with wavenumber and how they are 
related to the physical properties of cirrus.  
Studies indicate the importance of cirrus in the FIR region 100-500 cm
-1
 [Maestri and Rizzi, 
2003], and as scattering by ice crystals reaches a local maximum at around 40-500 cm
-1
 (see 
Figure 7.6), cirrus properties at these wavenumbers are uniquely interesting [Edwards and 
Slingo, 1996]. Up to the present there have been relatively few measurements taken in these 
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spectral regions and FIR properties are mostly defined using modelling studies - an 
unsatisfactory situation given the inconsistencies found between cirrus observational data and 
models. Thus it is clear that further studies in the FIR are required to adequately describe this 
cloud type. 
2.3.3.1 Space-based observations 
There are a number of instruments currently in operation that have the ability to retrieve 
cirrus cloud properties in a range of different spectral bands. The International Satellite Cloud 
Climatology Project (ISCPP) uses a group of satellites that measure emitted infrared and 
reflected visible radiances. These can detect cloud presence and optical depth by comparison 
of the measured radiances with calculated expected radiances from models [Rossow and 
Schiffer, 1999]. The Moderate Resolution Imaging Spectro-radiometer (MODIS) [Platnick et 
al., 2003], which flies on board the NASA Aqua and Terra satellites, measures reflected 
radiances in specifically chosen radiance bands (spectral range 0.4 to 14.4 μm), compares 
them to cirrus and surface reflectances and infers cirrus optical depth, ice water content and 
effective radius on a global scale [Rolland et al., 2000; Lee et al., 2009]. High resolution 
infrared spectrometers such as the Atmospheric Infrared Sounder (AIRS) [Aumann et al., 
2003] and the Infrared Atmospheric Sounding Interferometer (IASI) [Blumstein et al., 2004], 
are able to simultaneously retrieve information about cirrus ice crystal effective particle size 
and optical depth by exploiting the sensitivity of mid-infrared spectral radiances to ice 
properties [Yang et al., 2001]. The main active remote sensing techniques are radar and lidar, 
which emit radio waves and visible radiation respectively. Instruments utilising these 
techniques include the Cloud Profiling Radar on board the NASA CloudSat satellite, which 
provides estimates of global ice water paths [Stephens et al., 2008] and the Cloud/Aerosol 
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) which carries a three channel 
elastic backscatter lidar [Hunt et al., 2009].  
2.3.3.2 Ground-based observations 
The TAFTS instrument was deployed at the ground-based RHUBC campaign in 2007, as 
described in §2.2.3, and one of the aims of this campaign was to observe the spectral 
signature of cirrus. This was the first time that TAFTS had been used in its zenith-viewing 
geometry from a ground-based site. Results from this experiment showed that the fraction of 
ice water content attributed to small ice crystals in the cirrus PSD needed to be increased in 
order to gain the best agreement between observations and simulations. This study was 
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limited by a lack of in-situ measurements of cirrus ice particle size, and thus relied upon 
parameterised PSDs from other studies [Humpage, 2010].  
Work by Maestri et al. [2014] analysed downwelling FIR spectral radiance measurements 
recorded by the REFIR-PAD instrument in the presence of cirrus. These observations took 
place at a ground-based site at 3500 m above sea level at the Testa Grigia station in Italy.  
Cloud properties were retrieved using radiosondes, a millimetre-wave spectrometer and a 
Raman lidar system. These properties were then used to simulate radiances in the region 250-
1100 cm
-1
, resulting in excellent observation-simulation agreement in the mid-infrared 
window, but large residuals in the FIR. This study concluded that ground-based studies of 
cirrus are prone to uncertainties in retrieved cloud properties and an  incomplete knowledge 
of the atmospheric state, and that these uncertainties could be much reduced using a down-
looking  (satellite or aircraft) experimental configuration [Maestri et al., 2014]. 
2.3.3.3 Airborne observations 
Aircraft-based campaigns to study effects of cirrus in the far-infrared require several types of 
instrumentation. In addition to a radiometer such as TAFTS to take radiance measurements, 
the physical properties (ice crystal size and shape, optical thickness, particle size distribution 
etc.) of the cloud must be detected and recorded by auxiliary ice probes. These are required to 
allow simulation of spectra using radiative transfer models (see §4) for comparison with in-
situ observations. 
The TAFTS instrument, used in this work, has been previously deployed in airborne 
campaigns to measure properties of cirrus. In 2002, TAFTS recorded FIR spectral radiance 
observations of tropical convective outflow cirrus during the second phase of the Egrett 
Microphysics Experiment with Radiation, Lidar and Dynamics (EMERALD-II), which took 
place off the north coast of Australia.  Simulations were performed using in-situ 
measurements of atmospheric state and cloud particle PSDs, and it was found that these 
simulations predicted a cirrus layer that was far more opaque than the one observed.  Results 
from this experiment showed that small ice crystals were not being correctly counted during 
in-situ measurements, and that in order to gain the best agreement between observations and 
simulations, the small crystal concentrations in the measured PSD needed to be reduced by 
66% [Humpage, 2010]. 
During the WINter EXperiment (WINTEX) campaign [Cox et al., 2010], a series of UK Met 
Office winter experiments flown from Cranfield, UK, between October 2004 and February 
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2005, the TAFTS (FIR) and ARIES (MIR) radiometers were simultaneously flown on-board 
the FAAM aircraft to sample cirrus over the North Sea. Pressure, temperature and dew point 
temperature were recorded throughout the flight by core instrumentation on-board FAAM, 
and cloud microphysical measurements were taken using a 2-dimensional cloud probe (2DC) 
and a 2-dimensional precipitation probe (2DP) [Knollenberg, 1970], which sampled particle 
size and concentration. However, it was found that the cloud needed to be more thoroughly 
sampled in order to fully characterise the radiative effect of the cirrus, as the measured PSDs 
required scaling of the small crystal contribution in order to produce simulated radiances in 
agreement with observations. 
The Cirrus and Anvils: European Satellite and Airborne Radiative measurement project 
(CAESAR) took place in the UK in four phases between November 2005 and July 2007. One 
of the scientific aims of CAESAR was to relate the cirrus microphysics to remote sensing 
data across the visible, thermal infrared, FIR and microwave regions of the electromagnetic 
spectrum. Again, the TAFTS and ARIES instruments were simultaneously flown on-board 
the FAAM aircraft, along with the 2DC and 2DP cloud probes. The data from this campaign 
proved to be problematic to analyse, due to noise issues caused by vibration of the 
beamsplitter inside the TAFTS instrument. Another problem that was identified was the 
shattering of large ice crystals on the inlets of the cloud probes, leading to a miscounting of 
particle sizes. This problem of shattering is well-known, and methods of identifying and 
filtering spurious particles using interarrival times [Field et al., 2006] have now been 
developed and incorporated into the processing of data from cloud probes [Baran, 2012; 
Cotton et al., 2013; Baran et al., 2014].   
These previous campaigns highlight the difficulty in studying cirrus radiative effect in the 
FIR region, and provide experience and knowledge that can be taken forward to new 
campaigns. One such campaign is the Cirrus Coupled Cloud-Radiation Experiment 
(CIRCCREX), the first stage of which took place in November 2013. Data from this 
campaign includes high-resolution radiative measurements over the entire infrared spectral 
range 100-3000 cm
-1
, as well as detailed observations of the atmospheric state (e.g. 
temperature and relative humidity) and in situ cloud particle measurements from several 
state-of-the-art cloud probes. The analysis of these data forms part of the work presented in 
this thesis (see §7). 
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2.4 Summary 
This chapter has used a simple model of the equilibrium balance of the Earth-Atmosphere 
system to demonstrate the role of gases in the atmosphere, and how changes in the 
concentration of these gases may affect this balance. There then followed a section on the 
importance of water vapour in the climate system, including further detail on the climate 
forcings and feedbacks associated with water vapour, and then focusing on the underlying 
continuum contribution to water vapour absorption. Section 2.3 described the physical and 
radiative properties of cirrus clouds and their role in the atmosphere, a description of how 
their macro- and micro-physical properties are linked, and a review of observation techniques 
and recent research. 
  
 
49 
3 Fourier Transform Spectroscopy: theory and 
instrumentation 
This section describes Fourier Transform Spectroscopy (FTS), and how it can be used to 
determine how gases absorb and emit radiation in the atmosphere. Following this are 
descriptions of the three instruments used in this work to record infrared radiance 
measurements for comparison with simulations. These instruments: TAFTS, AERI-ER and 
ARIES, are all Fourier Transform spectro-radiometers, and thus this section includes an 
introduction to Fourier transform spectroscopy via the Michelson interferometer, and then 
goes on to describe a variation on this, the Martin-Puplett interferometer, on which TAFTS is 
based. 
3.1 Introduction 
Fourier transform spectroscopy (FTS) is a technique used to obtain a spectrum by applying a 
Fourier transformation to the output of a two-beam interferometer. It makes use of Fourier 
theory - the mathematical method of decomposing any continuous function into components 
of sine and cosine waves. The FTS theory is briefly described here, but much more detailed 
explanations are widely available e.g. [Chamberlain, 1979; Thorne, 1988; Davis et al., 2001]. 
The basis of the FTS method is that any given function, 𝑓(𝑥) can be decomposed into its 
component sine and cosine functions. This means that a function 𝑓(𝑥) varying in the spatial 
domain 𝑥 may be transformed using a Fourier transform equation to give a function in the 
frequency domain  𝐹(𝜎). The converse transformation is also possible. The equations, or 
Fourier pairs, required to do these transformations are given in complex notation in equations 
3.1 and 3.2. 
𝑓(𝑥) = ∫ 𝐹(𝜎)𝑒+2𝑖𝜋𝜎𝑥 𝑑𝜎
∞
−∞
 
3.1 
𝐹(𝜎) = ∫ 𝑓(𝑥)𝑒−2𝑖𝜋𝜎𝑥 𝑑𝑥
∞
−∞
 
3.2 
 
50 
FTS can be used in situations where two beams of radiation interfere. The power in the 
interference pattern caused by these beams (the interferogram), which is measured as a 
function of distance, can be transformed into a frequency spectrum, made up of the power at 
all frequencies of each of the constituent waves. For example, a measured interferogram 𝐼(𝑥) 
can be related to its power spectrum 𝐵(𝜎) using the complex form relations in equations 3.3 
and 3.4. 
𝐼(𝑥) = ∫ 𝐵(𝜎)𝑒+2𝑖𝜋𝜎𝑥 𝑑𝜎
∞
−∞
 
3.3 
𝐵(𝜎) = ∫ 𝐼(𝑥)𝑒−2𝑖𝜋𝜎𝑥 𝑑𝑥
∞
−∞
 
3.4 
These relations can be written in terms of their sine and cosine functions, where the even 
cosine function comprises the real part and the odd sine function the imaginary part, as in 
equations 3.5 and 3.6. 
𝐼(𝑥) = ∫ 𝐵(𝜎) cos(2𝜋𝜎𝑥)  𝑑𝜎 + 𝑖
∞
−∞
∫ 𝐵(𝜎) sin(2𝜋𝜎𝑥)  𝑑𝜎
∞
−∞
 
3.5 
𝐵(𝜎) = ∫ 𝐼(𝑥) cos(2𝜋𝜎𝑥)  𝑑𝑥 + 𝑖
∞
−∞
∫ 𝐼(𝑥) sin(2𝜋𝜎𝑥)  𝑑𝑥
∞
−∞
 
3.6  
The use of FTS theory in the interpretation of output from a basic Michelson interferometer 
and then a Martin-Puplett interferometer, such as the one used in TAFTS, are described 
below. 
3.1.1 The Michelson interferometer 
In a Michelson interferometer [Michelson, 1890] (shown in a schematic in Figure 3.1), an 
incoming beam of light at input 𝐼1 is divided into two beams of equal intensity and amplitude 
using a beamsplitter 𝐵𝑆. These two resulting beams are then directed towards mirrors 𝑀1 
and 𝑀2, where they are reflected back to the beamsplitter to be first recombined and then 
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divided a second time. This secondary pair of beams is then directed out of the 
interferometer, one via the same port as 𝐼1, and the other out of the output port  𝑂2, which 
may also be used as a secondary input. A detector is placed at one or both of the output ports.  
When both mirrors are equidistant from the beamsplitter, the path difference is 𝑥 = 0. The 
two beams are perfectly in phase, so when they are recombined they undergo constructive 
interference, resulting in all the input power exiting at 𝑂2 and none being sent back to the 
source at 𝑂1. If mirror 𝑀2 is displaced one quarter wavelength
 𝜆
4⁄ , the path difference is 
now  𝜆 2⁄  and the beams interfere destructively when recombined, with all the power now 
going to 𝑂1  and none to  𝑂2 . A further increase in path difference to 𝑥 = 𝜆  results in 
constructive interference, and further increases give a periodic sequence of maxima and 
minima at the detector at 𝑂2. Maxima occur when the path difference is equal to 𝑚𝜆, and 
minima when it is equal to 𝑚𝜆 + 𝜆 2⁄  . 
 
Figure 3.1: Schematic of a Michelson interferometer. Incoming light enters at 𝐼1 and is split 
at the beamsplitter  𝐵𝑆 . Half the signal is reflected to mirror  𝑀1 , and the other half to 
mirror  𝑀2 . Moving 𝑀2  along the distance 
𝑥
2⁄  creates a difference in path length of  𝑥 , 
resulting in interference when the beams recombine at 𝐵𝑆. The beam is output to the detector 
at 𝑂2.  
 
52 
The intensity of the output beam at 𝑂2 is 
𝐼𝜎(𝑥) = 𝐼?̅?(1 + cos(2𝜋𝜎𝑥)) 
 
3.7 
where 𝜎 is the wavenumber of the source radiation and  𝐼 ̅is the mean interferogram value. 
This output signal is a constant modulated by a cosine term - it is this cosine term that 
contains the spectral information on the measured radiation. 
For a broadband source whose intensity is defined as 𝐵(𝜎), the interferogram 𝐼0(𝑥) can be 
written as an integral of all the individual monochromatic interferograms from each 
wavenumber component: 
𝐼0(𝑥) = ∫ 𝐵(𝜎)(1 + cos(2𝜋𝜎𝑥)) 𝑑𝜎
∞
−∞
 
= ∫ 𝐵(𝜎)𝑑𝜎 + ∫ 𝐵(𝜎)cos(2𝜋𝜎𝑥)
∞
−∞
𝑑𝜎 
∞
−∞
 
= 𝐼̅ + ∫ 𝐵(𝜎)cos(2𝜋𝜎𝑥)
∞
−∞
𝑑𝜎 
3.8 
The modulated second term of equation 3.8 is the cosine Fourier transform of 𝐵(𝜎), and 
therefore by performing the inverse cosine transform on the interferogram, the source 
intensity  𝐵(𝜎) can be found [Thorne, 1988]. This gives the transform pair, 
𝐼(𝑥) = ∫ 𝐵(𝜎) cos(2𝜋𝜎𝑥)  𝑑𝜎
∞
−∞
 
3.9 
𝐵(𝜎) = ∫ 𝐼(𝑥) cos(2𝜋𝜎𝑥)  𝑑𝑥
∞
−∞
 
3.10 
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FTS theory as utilized in the TAFTS instrument can now be considered, through the 
description of the Martin-Puplett interferometer. 
3.1.2 The Martin-Puplett interferometer 
The TAFTS instrument uses a Martin-Puplett interferometer [Martin and Puplett, 1969] 
which is similar in design to the Michelson interferometer, but with several distinct 
differences which give it an advantage at longer wavelengths in the far-infrared. The main 
difference between the two is that the Martin-Puplett splits the incoming beam by 
polarisation, rather than by amplitude. As well as being more efficient at longer wavelengths, 
this allows each input signal to remain distinct throughout its path through the interferometer, 
and therefore all four ports can be more easily used (two inputs and two outputs) without the 
signals becoming confused. In the case of TAFTS, this allows the instrument to sample both 
up-welling and down-welling radiation.  
Figure 3.2 shows a schematic of a typical Martin-Puplett interferometer. It uses three plane 
wire grid polarisers 𝑃1, 𝑃2 & 𝑃3 which all effectively transmit one polarisation and reflect 
the orthogonal polarisation. It also uses two triangular rooftop mirrors 𝑅𝑀1 and 𝑅𝑀2. Here, 
perfect optical behaviour is assumed i.e. no losses at the components. Unpolarised radiation 
from two input ports 𝐼1  and 𝐼2  is incident upon polariser  𝑃1 , which transmits parallel 
polarised light and reflects perpendicular polarised light. Half the power from each beam is 
lost, and the other half, which contains a combined signal made up of components from both 
inputs polarised orthogonally to each other, is directed into the rest of the interferometer. The 
polariser 𝑃1 can be referred to as a beam combiner. 
The second polariser 𝑃2 acts as the beam splitter, as its grid is oriented at 45º with respect to 
rays emerging from 𝑃1. Polariser 𝑃2 divides the beam by polarisation, as half the beam will 
have parallel polarisation and will be transmitted, whereas half will have perpendicular 
polarisation and will be reflected. The resultant two beams are directed towards rooftop 
mirrors 𝑅𝑀1 and 𝑅𝑀2, which are designed to rotate the angle of polarised light by 90º. Thus 
when the beams are returned to  𝑃2  the half that originally was reflected will now be 
transmitted and vice versa, and so the beams will be recombined. However, one rooftop 
mirror can be moved in the direction of the beam distance  𝑥/2 , and therefore a path 
difference 𝑥  can be introduced, resulting in interference of the beams when they are 
recombined. The recombined beam is now directed towards the third polariser 𝑃3 which is 
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polarised at the same angle as 𝑃1, therefore splitting the beam into two outputs 𝑂1 and 𝑂2. 
These outputs both contain components of the original two inputs  𝐼1 and 𝐼2. 
 
Figure 3.2: Schematic of a Martin-Puplett interferometer. The two inputs  𝐼1  and  𝐼2  are 
directed into the system by polariser  𝑃1 , before being divided by polarisation at 
polariser 𝑃2. The two divided signals are reflected by rooftop mirrors 𝑅𝑀1 and 𝑅𝑀2, one of 
which can be moved along distance 𝑥 to create a path difference between the two signals. 
They are recombined when they return to 𝑃2, at which point they interfere according to the 
path difference. Finally the signal is divided again at polariser 𝑃3 and directed to two sets of 
detectors at the outputs 𝑂1 and 𝑂2. 
If the intensity of the two input sources are 𝐼1 and 𝐼2, and  𝑓1 and 𝑓2 are the fractions of these 
initial intensities that are measured at the output ports 𝑂1 and 𝑂2, a detector at either output 
will register the total power from both inputs, given by equation 3.11. The contribution of 
each input source that is detected at the outputs is dependent on the path difference 𝑥 and the 
wavenumber 𝜎 [Martin and Puplett, 1969]. 
𝑓1𝐼1 + 𝑓2𝐼2 =
1
2
(𝐼1 + 𝐼2) ±  
1
2
(𝐼1 − 𝐼2) cos (
2𝜋𝜎𝑥
𝜆
) 
3.11 
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The second term in equation 3.11 gives the modulated part of the measured radiation at each 
output, and is the difference in intensity of the original two inputs. This is the source of the 
differential measurement made by TAFTS and is exploited when both calibrating and 
measuring net radiation in the atmosphere.  
Overall, the Martin-Puplett interferometer has several advantages for measuring low intensity 
radiance in the far-infrared, including greater efficiency in the beamsplitters and the ability to 
measure two sources simultaneously. These were some of the reasons that this design was 
selected for use in the TAFTS instrument. The reasoning behind the use of an FTS for the 
atmospheric measurements taken by TAFTS, as opposed to a different design of 
spectrometer, is explained below. 
3.1.3 Advantages of Fourier transform spectroscopy 
An FTS has several advantages over other designs such as a grating spectrometer, the main 
one being its ability to measure a wide range of wavelengths simultaneously with a small 
number of detectors. This is known as the multiplex or Fellgett advantage, and greatly 
reduces the time required to observe many frequencies - a grating spectrometer would need to 
scan each frequency separately [Davis et al., 2001]. This is particularly useful in situations 
where the FTS is constantly moving i.e. on an aircraft platform, as the full range of necessary 
frequencies can be recorded for each instantaneous optical view. Multiplexing also allows the 
FTS to have a single set of detectors, reducing the cost, or increasing the spectral coverage by 
allowing detectors of greater sensitivity to be used at lower expense. The single set of 
detectors also decreases the size of the instrument, making it easier to build and transport. 
Another advantage of the FTS is that it can operate using a larger aperture than other 
spectrometers, increasing the amount of radiation input to the system and allowing a greater 
signal-to-noise ratio. This is called the throughput or Jacquinot advantage. The resolving 
power of a spectrometer is inversely proportional to aperture size, as the interferogram is 
multiplied by a sinc function related to the aperture width. However, this effect is dependent 
on wavenumber and is minimal in the longer wavelengths of the far-infrared [Thorne, 1988]. 
The following sections go into detail of the design of the three radiometers used to record 
measurements for this work. The TAFTS instrument is described in most detail, as the author 
both operated the instrument during the CIRCCREX campaign (see §7), and calibrated and 
analysed the data recorded. Data from the other two radiometers described were recorded and 
processed by other groups. 
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3.2 TAFTS 
The TAFTS instrument [Canas et al., 1997], pictured in Figure 3.3, is a polarising Martin-
Puplett interferometer as described in §3.1.2. It was designed and built at Imperial College 
London and has been utilised in several science campaigns, both ground-based and airborne. 
TAFTS is uniquely capable of recording high resolution (0.12 cm
-1
) in-situ FIR (80-600 cm
-1
) 
radiance measurements in both the nadir and zenith directions. The spectral range of the 
instrument covers the majority of the water vapour pure rotation band. During the design of 
TAFTS, several challenges resulting from the aircraft environments in which the instrument 
would be operating needed to be considered. The instrument needed to be as compact and 
light as possible, while being sturdy enough to withstand flight conditions. The instrument 
also encounters aircraft vibrations, rapidly changing scenes and changes in temperature and 
pressure, and therefore efforts needed to be made to minimise any effect these may have on 
the data that is recorded. TAFTS is made up of four main sections; the pointing optics box 
(which directs incident radiation into the instrument and also contains four calibration black 
bodies), the interferometer chamber, the cryostat (containing liquid helium cooled detectors) 
and the instrument electronics. The first three of these are bolted together in the main bulk of 
the instrument (as shown in Figure 3.3); the electronics are housed separately. Each of these 
components will now be discussed in order to give a full overview and understanding of the 
instrument and the data which it records. 
 
Figure 3.3: The TAFTS instrument. The two aluminium sections are the pointing optics box 
and main interferometer chamber, the blue cylinder is the cryostat. 
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3.2.1 Pointing optics box 
An advantage of TAFTS is its ability to simultaneously record up- and down-welling 
radiances. This is one of the reasons that a Martin-Puplett design was chosen - the two input 
ports allow one port to sample in the nadir direction and one in the zenith. This results in the 
Pointing Optics Box (POB) comprising two 'arms', one nadir and one zenith, containing 
steerable gold plated mirrors which control the radiation being viewed by the instrument. The 
POB also contains four black body calibration targets (𝐵𝐵ℎ𝑧, 𝐵𝐵𝑐𝑛, 𝐵𝐵ℎ𝑧 , 𝐵𝐵𝑐𝑛), where the 
acronym denotes whether the black body is hot (h, approximately 50ºC) or cold (c, ambient 
outside air temperature, maintained above 0ºC by heaters) and whether it is located in the 
nadir (n) or zenith (z) arm. The temperature of each of the blackbodies is measured by a 
Platinum Resistance Thermistor (PRT) located inside the blackbody cavity. 
The layout of the POB is shown schematically in Figure 3.4. Radiation enters the POB 
through the portholes in the top and bottom of the box (DW and UW apertures), allowing 
both nadir (UW) and zenith (DW) scene views. The steerable mirrors A and E can be 
adjusted to swap between scene views and views of the black bodies in the two arms of the 
instrument, giving rise to nine possible configurations viewing either the hot (h) or cold (c) 
black bodies in one or both arms, or the scene views (z or n) in one or both arms. By 
convention, these configurations are noted with nadir input view first, and the zenith input 
second i.e. cnhz, hncz, cncz, hnhz, nncz, nnhz, cnzz, hnzz, and nnzz, where the subscripts denote the 
nadir (n) and zenith (z) arm of the instrument. For example, for the configuration hnzz, the 
nadir arm is viewing the hot blackbody, while the zenith arm is viewing the zenith scene view 
i.e. the down-welling radiation. 
Fixed mirrors B & D, and F & G direct the radiation from the downwelling and upwelling 
arms respectively into the main interferometer through two vacuum windows C and H. These 
windows are  made from 40 μm thick polypropylene, which has high transmission in the FIR. 
The viewports on the POB (labelled DW and UW apertures in Figure 3.4) that allow scene 
view radiation to enter do not have any windows (this is so that scene view and black body 
radiation travels along the same optical path) and so the POB must be kept in good condition 
to prevent degradation of the optical components by any grease, dirt, water etc. that enters 
from the outside air. This also introduces a problem with residual water vapour inside the 
POB absorbing radiation and producing extra spectral lines. A small temperature probe is 
also located inside the POB to allow monitoring of the internal temperature. 
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Figure 3.4: A schematic of the optical elements inside the TAFTS POB, from Green [2003]. 
The four internal blackbodies are labelled 𝐵𝐵𝑑ℎ, 𝐵𝐵𝑑𝑐, 𝐵𝐵𝑢ℎand 𝐵𝐵𝑢𝑐 where the subscripts 
denote whether the black body is hot (h) or cold (c) and whether it is located in the upwelling 
(u) or downwelling (d) arm. DW radiation enters through the DW aperture and is directed by 
mirrors A, B and D through window C. UW radiation enters through the UW aperture and is 
directed by mirrors E, F and G through window H. 
3.2.2 Interferometer 
The TAFTS interferometer is contained in an evacuated aluminium box. It is evacuated in 
order to reduce vibrations on the beamsplitter which cause noise on the spectra, and also to 
eliminate residual water vapour causing path dependent absorption within the interferometer. 
As discussed, the interferometer is of the Martin-Puplett type, and a schematic of the 
particular optical configuration is shown in Figure 3.5.  
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Figure 3.5: A schematic of the optics layout inside the TAFTS interferometer chamber 
The two beams of radiation enter the interferometer through windows 𝑊𝑈 and 𝑊𝐷 . The 
polarisers 𝑃1 and 𝑃2 consist of mylar substrates of thickness 1.5 μm and diameter 65 mm, 
onto which a 40 mm wide strip of copper wire grid (1 μm width and 2 μm pitch) is 
lithographically attached. 𝑃2  splits the radiation by polarisation and directs it, via 𝑀2 
and 𝑀3, to a back-to-back rooftop mirror 𝑅𝑇𝑀. Although interferometers of this type usually 
only have one moving mirror, the back-to-back design used in TAFTS allows an extra two-
fold increase in optical path difference for the same physical distance that the mirror has to 
travel [Green, 2003]. The 𝑅𝑇𝑀 can be driven back and forth over a distance of 25 mm, 
producing an optical path difference of 100 mm between the two beams. The movement of 
𝑅𝑇𝑀 is controlled with a motor and gears, with the mirror itself being set into three V-
grooves containing ball bearings, ensuring a smooth movement. After passing through the 
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optics, the recombined radiation beam is directed into the cryostat section of the instrument 
through another polypropane window 𝑊𝑂. 
Also contained within the interferometer is a He:Ne metrology laser, the beam of which is 
sent through the optical system physically offset from the FIR radiation. This is used for 
sampling purposes and is discussed further in §3.2.5. The laser beam is split by intensity by 
polariser 𝑃2, which has a semi-silvered surface above and below the polariser for this reason. 
3.2.3 Cryostat and detectors 
The third section of the TAFTS instrument is a cryostat container which houses the detectors 
and several other optical devices, as shown in Figure 3.6. The measured radiation enters the 
cryostat through window  𝑊𝑂 , is passed through two 12 μm limit long-pass filters F 
(eliminating very short wave radiation) and is directed by two mirrors onto an analyser 𝑃3 
which again splits the beam by polarisation, isolating the complementary outputs of the 
interferometer. The resultant two polarisation coded beams pass through two dichroic filters, 
𝐷𝐹1 and 𝐷𝐹2, which split the radiation into two waveband regions: longwave (LW, 80-320 
cm
-1
) and shortwave (SW, 320-600 cm
-1
). These are then directed to one of the four 
photoconductor detectors used in TAFTS; two shortwave Si:Sb detectors and two longwave 
Ge:Ga detectors. There is a LW and a SW detector placed at each of the analyser outputs so 
that the dichroic filters can direct radiation to the relevant detector. 
The detectors operate at a temperature of around 6K. This temperature is maintained in the 
cryostat by evacuated layers of insulation and two cryogen tanks, the inner tank containing 
liquid helium (4.2K) and the outer tank containing liquid nitrogen (77K).  
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Figure 3.6: Schematic of the optics and detectors inside the TAFTS cryostat. Radiation from 
the interferometer is directed onto two dichroic filters DF1 and DF2, where it is split into LW 
and SW beams and directed onto the relevant detector.  
3.2.4 Electronics 
The electronics component of TAFTS is housed in a box that is separate from the rest of the 
instrument. This is so that it can be placed inside the aircraft during a flight campaign. The 
signal from the detectors is converted using an analogue to digital converter, having first been 
amplified using DC-coupled differential amplifiers. The digitised signal is then transmitted to 
the electronics box inside the aircraft. The data that is stored by the electronics comprises 
four sets of digitised data from the four detectors, the laser fringe timings, and housekeeping 
data such as black body temperatures and the time the data was recorded. Each scan is stored 
separately on disk to be downloaded and analysed later. 
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3.2.5 TAFTS data acquisition and processing 
The processing of data recorded by the TAFTS instrument may be thought of in four stages; 
differencing of raw interferograms, sampling interferograms, performing the Fourier 
transform, and calibration. 
Differencing of outputs 
The data recorded by TAFTS includes four interferograms per scan – two from the LW 
detectors (known as LW channels 0 and 1), and similarly two from the SW detectors (known 
as SW channels 0 and 1). This allows a differencing of the complementary outputs, which is 
useful for reducing the noise on the interferograms as will now be discussed.  Figure 3.7 
shows raw TAFTS interferograms recorded during flight B818 (described further in §7). The 
view configuration is set to the nadir hot black body and zenith external views. The raw 
interferograms for the two LW channels are shown on the left, and similarly the two SW 
channels on the right. The complementary signals are shown in black for channel 0, and blue 
for channel 1. The raw interferograms shown in Figure 3.7 are distorted by various effects, 
which can be reduced by differencing of the outputs as will now be explained.  
 
Figure 3.7: Raw interferograms recorded during flight B818. The view configuration is hnzz. 
Left shows the two LW channels, right the two SW channels. Complementary channel signals 
shown in black (ch0) and blue (ch1). 
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The distortion on the raw interferograms seen in Figure 3.7 is caused by two separate effects: 
1. Excessive noise on the LW ch1 due to a poor connection during the flight. 
2. External scene variation causing slow variation on all channels (most apparent in the 
0–10,000 sample region). This has a greater effect on the SW channels as the 
atmospheric opacity over the shortwave spectral range of TAFTS is significantly less 
than that of the longwave. 
Differencing of the complementary channels alleviates both of these effects, as can be 
seen in  the differenced interferograms in Figure 3.8, where the noise on the 
interferograms is much reduced and the variation on the SW channel has been removed. 
 
Figure 3.8: The differenced interferograms from the complementary channels shown in 
Figure 3.7 
An additional effect that is not readily apparent in Figure 3.7 is that of power supply pickup. 
This significantly affects the shortwave channels, and when a transform of the raw 
interferograms is performed, several clear spikes are visible in the spectrum as shown in 
Figure 3.9. These spikes are related to the power supply frequency (400 Hz).  
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Figure 3.9: FFTs of raw interferograms of (a) SW ch0; and (b) SW ch1. Spikes are due to 
power supply pickup. 
This effect can also be removed by differencing of the complementary channels, after 
factoring in the gain difference between the two detectors. The FFT of the differenced 
interferograms is shown in Figure 3.10, where it can be seen that all but one spike has been 
removed. This remaining spike was only apparent in SW ch1 and appeared randomly in the 
data. Where this was present it was manually removed by interpolation. 
 
Figure 3.10: FFT of the differenced interferograms shown in Figure 3.9 
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The Brault resampling scheme 
The interferograms cannot be continuously sampled, but instead must be sampled at a spatial 
interval that is dependent on the highest frequency that is measured. In order to fully resolve 
the frequencies contained in the interferogram, the sampling frequency must be at least twice 
the maximum frequency 𝜎𝑚𝑎𝑥 measured; this sampling frequency is known as the Nyquist 
frequency. Expressing this in the spatial domain, the minimum spatial sampling ∆𝑥 must be 
at least half the wavelength of the lowest wavelength 𝜆𝑚𝑖𝑛 measured i.e.  
Δ𝑥 =
𝜆𝑚𝑖𝑛
2
=
1
2𝜎𝑚𝑎𝑥
 
3.12 
For TAFTS, a maximum measured wavenumber of 1000 cm
-1
 would result in a minimum 
sampling interval of 5 μm. For TAFTS, the interferogram is oversampled with a sampling 
frequency interval of 20 kHz. However, this method of sampling is not ideal as the mirror 
velocity is not constant. This is due to slight variations in the power of the motor powering 
the mirror movement, variation in tension of the motor drive wire, and vibrations caused by 
the aircraft. Thus an alternative sampling method developed by Brault [1996] is used. 
The Brault technique uses a similar approach to that described above, except it samples in 
intervals of constant time which, using the laser in the interferogram system, can be 
converted into constant spatial intervals, thus compensating for the uneven movement of the 
mirror. The He:Ne laser, which has a wavelength of 633 nm, is sent through the optical 
system slightly offset from the measured FIR beam. It therefore produces its own interference 
pattern which varies sinusoidally in intensity. This interference pattern is used to infer the 
distance travelled by the mirror, since a transition from a bright to a dark laser fringe 
corresponds to a path difference of  𝑚𝜆 + 𝜆 2⁄  of the laser light. The rate of the variation of 
the laser fringes is around 80 kHz, and therefore for the desired sampling frequency of 20 
kHz, the sampling must take place every four laser fringe crossings. Using a detector, the 
time taken for four laser fringes is recorded, and even if this time varies, the distance the 
mirror has moved in the interval is always equal to 4𝜆. Thus the interferograms recorded by 
TAFTS, which have been sampled at uniform time intervals, are resampled onto a uniform 
spatial grid using the laser fringe timings to ensure the spatial sampling interval is constant. 
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Correction for in-flight vibration 
When TAFTS is operated onboard an aircraft platform, the additional vibrations caused by 
the aircraft cause significant effects on the timings of the laser fringes, and therefore on the 
recorded interferograms. This can be observed in the upper panels of Figure 3.11, which 
shows recorded laser-fringe timings for an individual scan in (a) laboratory conditions and (b) 
flight conditions. The lower panels show the corresponding Fourier analysis of these laser 
timings. 
 
Figure 3.11: Upper panels – TAFTS laser fringe timings for operation in (a) laboratory 
conditions; (c) aircraft conditions. Lower panels – corresponding Fourier analysis of the 
above fringe timings, showing low frequency components associated with the scan gearing 
mechanism, and a sharp peak at 200 Hz associated with the stepper motor driving the roof-
top mirror. The Fourier analysis of the aircraft measurements (d) shows the low frequency 
and 200 Hz components, as in the lab based measurements (b). However, there are now many 
broad high frequency components. These new components are associated with vibrations in 
the beamsplitter.  
The laboratory frequency analysis shows well-defined frequency periodicities, which are 
caused by the stepper motor and gearing mechanism used to drive the mirror. In the 
frequency analysis of the flight conditions, an increase in the velocity variation is shown. 
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This is due to vibrations on the beamsplitter itself. Although the interferometer is housed in a 
vacuum and anti-vibration mounts are used to isolate the system, enough vibration is 
transmitted through the casing to cause resonant vibrations in the thin (1.5 μm) Mylar 
substrate that makes up the beamsplitter. As described above, the Brault resampling method 
will account for small variations caused by the mirror scan mechanism, however it will not 
unambiguously correct for the vibrations of the beamsplitter. 
If a constant frequency motion is applied to the beamsplitter, the (0, 0) vibration mode will 
result in a large amplitude variation in the centre of the Mylar, with a decreasing amplitude to 
zero at the fixed edges. This translates to a proportional variation in velocity across the 
beamsplitter substrate, depending on which part of the beamsplitter the radiation passes 
through. As described above, the laser passes through the interferometer system at an offset 
to the measured FIR radiation, and travels through the beamsplitter approximately 22.5 mm 
above the centre, whereas the FIR radiation passes nominally through the central 40 mm. 
This means that the fringe timings that are derived from the laser will underestimate the 
velocity variations at the centre of the beamsplitter substrate, i.e. those experienced by the 
FIR radiation.  
To understand how the vibration affects the recorded spectrum, consider a simple 
interferogram of the form 
𝐼(𝑥) = 𝐵(𝜎) cos(2𝜋𝜎𝑥) 
3.13 
where 𝐵(𝜎) is the spectral signature under investigation.  If there are periodic errors in the 
sampling interval, then the path difference 𝑥′ at the sampling position can be written in terms 
of the ideal path difference 𝑥, by 
𝑥′ = 𝑥 + 𝛽 sin(2𝜋𝜀 + 𝜑) 
3.14 
where 𝛽 is the amplitude, 𝜀 the spatial frequency of the error, and 𝜑 the phase between the 
sampling and the vibration. 
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For 𝛽 ≪ 𝜆 4⁄ , the resulting interferogram can be written 
𝐼(𝑥′) = 𝐵(𝜎) cos(2𝜋𝜎𝑥) − 𝜋𝜎𝛽 cos(2𝜋𝑥(𝜎 ± 𝜀))      𝑓𝑜𝑟 𝜑 = 0 
3.15 
or 
 
𝐼(𝑥′) = 𝐵(𝜎) cos(2𝜋𝜎𝑥) − 𝜋𝜎𝛽 sin(2𝜋𝑥(𝜎 ± 𝜀))       𝑓𝑜𝑟 𝜑 = 𝜋 2⁄  
3.16 
The resultant spectrum 𝐵(𝜎)  will contain the spectral peak plus two satellite peaks of 
amplitude 𝐵(𝜎)(𝜋𝜎𝛽)  at spectral position(𝜎 ± 𝜀) . These additional peaks are known as 
‘ghosts’, and appear as distinct features, adding to and distorting the spectrum of interest. 
This distortion is seen in TAFTS aircraft data, and exhibits a scan to scan variation which is 
assumed to be due to the relative phase between the vibration and interferogram sample at 
zero path difference for each scan. The magnitude of the ghost is dependent on the optical 
frequency, and is calculated to be about 10 % from a signal at 300 cm
-1
. 
By making assumptions concerning how the amplitude and phase vary across the 
beamsplitter substrate surface, a correction can be applied by manipulating the analysis of the 
fringe timings i.e. the velocity variation seen in the laser fringes is multiplied in an iterative 
manner in order to find the velocity variation in the interferogram. When transformed back to 
the timing domain and applied to the resampling scheme, this correction can reduce the 
continuum ghost considerably [J.E. Murray, personal communication, January 2015]. In 
practise, data with significant ghosting is excluded from further analysis. 
Fourier transformation of interferograms to raw spectra 
Once the interferograms have been sampled on a uniform grid, they have an apodisation and 
phase correction applied before an FFT is performed to transfer them into wavenumber space 
and produce the raw spectra. The apodisation is needed because the distance over which the 
interferogram is measured is equal to the maximum path difference ±𝐿, meaning the far ends 
are cut off (an ideal interferogram has infinite extent). The spectrum can therefore be written 
as in equation 3.17. This has the same effect as multiplying the interferogram by a box 
function of width 2𝐿, which when Fourier transformed becomes a sinc function. To reduce 
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this effect, the interferogram is apodised using a function that slowly reduces the intensity to 
zero. For TAFTS, a Kaiser-Bessel function is used.    
𝐵(𝜎) = ∫ 𝐼(𝑥)𝑒−2𝑖𝜋𝜎𝑥 𝑑𝑥
𝐿
−𝐿
 
3.17 
An ideal interferogram would be centred on the point of zero path difference  ∆𝑥 = 0 . 
However, due to the finite sampling interval, the point sampled closest to the interferogram 
centre is likely to be offset from the point  ∆𝑥 = 0  by some increment 𝜖 , so that the 
interferogram takes the form 
𝐼(𝑥) = ∫ 𝐵(𝜎) cos(2𝜋𝜎(𝑥 − 𝜖))  𝑑𝜎 + 𝑖
∞
−∞
∫ 𝐵(𝜎) sin(2𝜋𝜎(𝑥 − 𝜖))  𝑑𝜎
∞
−∞
 
3.18 
Once transformed, this offset takes the form of a wavenumber dependent phase lag 𝜙 such 
that the spectrum may be written 
 
𝐵(𝜎) = ∫ 𝐼(𝑥) cos(2𝜋(𝜎 + 𝜙)𝑥)  𝑑𝑥 + 𝑖
∞
−∞
∫ 𝐼(𝑥) sin(2𝜋(𝜎 + 𝜙)𝑥)  𝑑𝑥
∞
−∞
 
3.19 
If the phase 𝜙 between the real and imaginary components of the power spectrum were zero, 
all the power would be present in the real part of the spectrum. However, if it is non-zero, 
some of the power is rotated into the imaginary part and the spectrum needs to be corrected. 
This is done by calculating the phase between the real and imaginary parts as in equation 
3.20. 
𝜙 = tan−1
𝐵𝑟(𝜎)
𝐵𝑖(𝜎)
 
3.20 
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The calculated phase angle is then used to correct the spectrum according to the equation 
𝐵(𝜎) = 𝐵𝑟(𝜎) cos 𝜙(𝜎) + 𝐵𝑖(𝜎) sin 𝜙(𝜎) 
3.21 
Each individual spectrum is phase-corrected in this way before they are co-averaged. 
TAFTS calibration algorithm 
The TAFTS calibration procedure is based on the algorithm developed by Revercomb et al. 
[1988], with some additional elements particular to the Martin-Puplett layout,  and is briefly 
described here.  
All spectrometers have an instrument response function 𝑅(𝜎)  which represents the 
relationship between the measured spectrum 𝑆𝑚(𝜎), and the true spectrum 𝑆𝑇(𝜎), as given in 
equation 3.22. 
𝑆𝑇(𝜎) =
𝑆𝑚(𝜎) 
𝑅(𝜎) 
  
3.22 
For TAFTS, the response function is calculated by recording measurements of the black body 
targets, which have known temperature and emissivity (from laboratory experiments). These 
calibration measurements are performed in cycles interspersed with measurements of the 
atmospheric state, allowing a true picture of the response function and its changes throughout 
the operation period to be recorded. As discussed in §3.2.1, the black bodies are either hot (h) 
or cold (c), and two may be viewed at a time through the two input ports in the nadir and 
zenith arms. The available calibration viewing configurations are therefore cnhz, hncz, cncz, 
and hnhz, where the subscripts denote the view in the nadir (n) or zenith (z) arm. Figure 3.12 
shows TAFTS differential shortwave spectra recorded during flight B818 for a series of 
sequential scan cycles. Panels (a) and (b) show the hncz and cnhz calibration spectra, where 
cycle number denoted by a colour bar that varies black to red temporally.  Panels (c) and (d) 
are the hnhz and cncz spectra, for these the differential signal is very small as the temperatures 
of the blackbody views are very similar. Hence the signal-to-noise was very poor and so all 
cycles were averaged.  
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From Revercomb et al. [1988], an instrumental response function 𝑅(𝜎) may be calculated 
from two measured calibration spectra as in equation 3.23, where 𝑆ℎ(𝜎) and 𝑆𝑐(𝜎) are the 
measured spectra, 𝜀ℎ(𝜎) and 𝜀𝑐(𝜎) are the emissivity of the blackbodies and 𝐵(𝜎, 𝑇ℎ) and 
𝐵(𝜎, 𝑇𝑐) are the Planck function at the temperature of the blackbodies. 
𝑅(𝜎) =
𝑆ℎ(𝜎) − 𝑆𝑐(𝜎)
|𝜀ℎ(𝜎)  𝐵(𝜎, 𝑇ℎ) −  𝜀𝑐(𝜎) 𝐵(𝜎, 𝑇𝑐)|
 
3.23 
Applying this to the TAFTS B818 spectra, the response function for the nadir scene view can 
be calculated from calibration spectra which contain the same view in the zenith arm, e.g. the 
two configurations hncz and cncz, which are both viewing the zenith cold blackbody. By 
differencing these spectra, the common view cancels. TAFTS viewing configurations give 
two of these differential spectra for the nadir view, i.e. 
(ℎ𝑛𝑐𝑧 − 𝑐𝑛𝑐𝑧) = (ℎ𝑛 − 𝑐𝑛) 
(𝑐𝑛ℎ𝑧 − ℎ𝑛ℎ𝑧) = (𝑐𝑛 − ℎ𝑛) 
These differential spectra are shown in panels (e) and (f) Figure 3.12. Ideally these two sets 
of differential spectra should be equal and opposite, but in practise this is not the case, as 
shown in panel (a) of Figure 3.13, which is the sum of the two spectra shown in panels (e) 
and (f) of Figure 3.12. This residual between the two differential signals is attributed to the 
instrument blackbody self-emission, and is removed from the raw data as in equation 3.24. 
The two differential spectra with the emission term removed are shown in panels (b) and (c) 
of Figure 3.13, where they are now equal and opposite. 
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Figure 3.12: TAFTS raw spectral scans for the calibration viewing configurations (a) hncz; 
(b) cnhz; (c) hnhz; (d) cncz; and differential spectra (e) hncz-cncz; (f) cnhz-hnhz.. The colours 
represent the scan cycle number progressing sequentially from black to red. The blue trace 
represents the imaginary part of the signal. 
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Figure 3.13: (a) the residual between the two differential spectra, attributed to the 
instrument self-emission; (b) and (c) the differential spectra with the emission term removed 
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Figure 3.14: (a) The variation in hncz-cncz (black) and hnhz-cnhz (red) blackbody temperature 
differences in the nadir arm, for 6 sequential TAFTS scans; (b) The maximum uncertainty 
associated with the blackbody PRT sensors; (c) The nadir response functions for the 6 scans 
once the blackbody emission and self-emission terms have been removed. 
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The emission of the blackbodies is dependent on their temperature, which is not constant over 
the measurement time. Panel (a) of Figure 3.14 shows the variation in the temperature of the 
blackbodies in the nadir arm over 6 sequential TAFTS scans, as measured by the PRT 
sensors. The hncz-cncz difference is plotted in black, and the hnhz-cnhz in red. Panel (b) shows 
the blackbody temperature uncertainty, which is associated with the accuracy of the PRT 
sensor (±0.2 K). It is plotted at the maximum uncertainty, which for the nadir (hn-cn) view, is 
equal to (𝑇ℎ𝑜𝑡 + 0.2𝐾) − (𝑇𝑐𝑜𝑙𝑑 − 0.2𝐾). Panel (c) shows the final nadir response functions 
for the TAFTS nadir view, once the blackbody emission and self-emission terms have been 
removed. The response function is given as  
 
𝑅𝑛(𝜎) =
(ℎ𝑛 − 𝑐𝑛) − (𝑠𝑒𝑙𝑓 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛)
|𝜀ℎ(𝜎)  𝐵(𝜎, 𝑇ℎ) −  𝜀𝑐(𝜎) 𝐵(𝜎, 𝑇𝑐)|
 
3.24 
Once the nadir response function has been found, it can be used to calculate the true spectrum 
of the atmospheric state 𝑆𝑛(𝜎) (i.e. the sky view of up-welling radiation measured in the 
nadir arm), by dividing the measured spectrum by the response function 𝑅𝑛(𝜎) as in equation 
3.22. Again, a differential spectrum has to be found by differencing common views in the 
zenith arm, in this case the differential spectrum is  
(𝑛𝑛ℎ𝑧 − ℎ𝑛ℎ𝑧) = (𝑛𝑛 − ℎ𝑛) − (𝑠𝑒𝑙𝑓 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛) 
3.25 
Equation 3.22 can be therefore be rewritten as in equation 3.26, where the Planck function 
and emissivity for the hot blackbody is added to account for the offset that is introduced by 
subtracting the hot blackbody spectrum from the nadir sky-view spectrum. 
𝑆𝑛(𝜎) =
𝑛𝑛(𝜎) − ℎ𝑛(𝜎) − (𝑠𝑒𝑙𝑓 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛)
𝑅𝑛(𝜎)
+ 𝜀ℎ(𝜎) 𝐵(𝜎, 𝑇ℎ) 
3.26 
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Substituting in the expression for 𝑅𝑛(𝜎) in equation 3.24 gives the calibrated nadir scene 
view radiances as: 
𝑆𝑛 (𝜎) =
𝑛𝑛(𝜎)−ℎ𝑛(𝜎)−(𝑠𝑒𝑙𝑓 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛)
(ℎ𝑛−𝑐𝑛)
[𝜀ℎ(𝜎) 𝐵(𝜎, 𝑇ℎ) − 𝜀𝑐(𝜎) 𝐵(𝜎, 𝑇𝑐)] + 𝜀ℎ(𝜎)  𝐵(𝜎, 𝑇ℎ)  
3.27 
TAFTS uncertainty sources 
The TAFTS combined radiance uncertainty is calculated from a number of sources including 
the response function, which are all incorporated into a single uncertainty on the calibrated 
spectra. The individual uncertainties are combined in quadrature, whereby a total uncertainty 
𝜎  associated with a quantity 𝑓  is found by combining the uncertainties in 𝑥, 𝑦, 𝑧  etc., 
according to the equation  
𝜎𝑓
2 =
𝛿𝑓2
𝛿𝑥
𝜎𝑥
2 +
𝛿𝑓2
𝛿𝑦
𝜎𝑦
2 +
𝛿𝑓2
𝛿𝑧
𝜎𝑧
2 + ⋯ 
3.28 
The calibrated TAFTS spectra have four sources of uncertainty: two associated with the 
blackbody temperatures, one from the sky-view spectra, and one from the response function. 
The temperature of each of the blackbodies is measured by the PRTs inside the blackbody 
cavities. These PRTs measure to a precision of 
𝜎𝑇𝑝𝑟𝑒𝑠 = ± 0.0005 𝑇 
3.29 
and have an accuracy of  
𝜎𝑇𝑎𝑐𝑐 = 0.03 ±  0.0005 𝑇 
3.30 
for temperatures in °C, as quoted by the manufacturers. 
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The uncertainty due to noise from the sky view spectra is calculated from the standard 
deviation of the imaginary part of each raw spectrum i.e. 
𝜎𝑠𝑣 = √
∑ (𝑥𝑠𝑣 − 𝜇𝑠𝑣)2
𝑁
𝑖=1
𝑁
 
3.31 
where 𝑥𝑠𝑣 is each individual sky view spectrum, 𝜇𝑠𝑣 is the mean of the sky view spectra, and 
𝑁 is the total number of sky view spectra. 
The uncertainty from the response function is also made up of uncertainties from the 
blackbody temperatures and the noise on the calibration spectra (𝜎𝑐𝑎𝑙, calculated in the same 
way as 𝜎𝑠𝑣 in equation 3.31 above). These are combined to give a total uncertainty for the 
response function of 
𝜎𝑅
2 = (
𝑑𝑅
𝑑𝑆𝑐𝑎𝑙
)
2
𝜎𝑐𝑎𝑙
2 + (
𝑑𝑅
𝑑𝑇𝑝𝑟𝑒𝑠
)
2
𝜎𝑇𝑝𝑟𝑒𝑠
2 + (
𝑑𝑅
𝑑𝑇𝑎𝑐𝑐
)
2
𝜎𝑇𝑎𝑐𝑐
2  
3.32 
All of the uncertainties for the calibrated spectra can now be combined as one single 
uncertainty 𝜎𝑆
2 as in equation 3.33. 
 
𝜎𝑆
2 = (
𝑑𝑆
𝑑𝑆𝑠𝑣
)
2
𝜎𝑠𝑣
2 + (
𝑑𝑆
𝑑𝑇𝑝𝑟𝑒𝑠
)
2
𝜎𝑇𝑝𝑟𝑒𝑠
2 + (
𝑑𝑆
𝑑𝑇𝑎𝑐𝑐
)
2
𝜎𝑇𝑎𝑐𝑐
2 + (
𝑑𝑆
𝑑𝑅
)
2
𝜎𝑅
2 
3.33 
Typical  random uncertainty in Radiance Units (RU) for the TAFTS SW measurements are 
0.7 RU at 330 cm
-1
, rising to 2.0 RU at 450 cm
-1
 and 4.0 RU at 550 cm
-1
, where 1 RU is 1 
mW/(m
2
.sr.cm
-1
). 
The final calibrated nadir view radiances and brightness temperatures for the TAFTS B818 
measurements in the example above are shown in Figure 3.15, with their respective 
uncertainties as calculated above. 
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Figure 3.15: Calibrated nadir view TAFTS SW radiances (upper) and brightness 
temperatures (lower) for the B818 measurements (black-red), with their uncertainties (blue-
green). 
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3.3 AERI and AERI-ER 
The Atmospheric Emitted Radiance Interferometer (AERI) is a ground-based FTS that 
measures down-welling atmospheric radiances [Knuteson et al., 2004a, 2004b] from 520-
3020 cm
-1
 (3.3-19 mm) at 0.5 cm
-1
 resolution with a calibration accuracy of < 1% of the 
ambient radiance [Delamere et al., 2010]. The AERI was developed by the University of 
Wisconsin Space Science and Engineering Center for use within the ARM program, resulting 
in the deployment of an AERI instrument at each of the ARM climate research facilities and 
mobile facilities. An extended range (380-3020 cm
-1
 / 3.3-26 μm) version of the instrument 
was developed (AERI-ER) specifically to cover the water vapour rotational band. 
The AERI-ER is a Michelson design interferometer, whose output is directed to two 
cryogenically cooled detectors: a longwave Hg:Cd:Te detector with range 380-1800 cm
-1
 and 
a shortwave In:Sb detector with range 1800-3020 cm
-1
. Two high-emissivity calibration 
blackbodies are used; one at 60 °C (hot) and one at ambient temperature, and the total 
random radiometric uncertainty is less than 0.05 RU across the spectrum. For further details 
on the AERI-ER see Knuteson et al. [2004a, 2004b]. 
The AERI-ER has been used to investigate the foreign-broadened water vapour continuum in 
the Surface Heating Budget of the Arctic Ocean (SHEBA) campaign, which resulted in a 
revision of the CKD continuum model at FIR wavelengths [Tobin et al., 1999], and in the 
RHUBC campaign, which resulted in a major update to the MT-CKD continuum model in 
the FIR region 400-600 cm
-1
 [Delamere et al., 2010]. 
3.4 ARIES 
The Airborne Research Interferometer Evaluation System (ARIES) [Wilson et al., 1999], is 
an airborne interferometer developed by the United Kingdom Meteorological Office 
(UKMO) capable of making measurements of up- and down-welling infrared radiation in the 
range 550-3000 cm
-1
 (3.3-18 μm) at a resolution of 1 cm-1. ARIES is flown alongside TAFTS 
on the FAAM aircraft, and has been deployed in numerous campaigns including those to 
investigate the water vapour continuum (e.g. Taylor et al. [2003]; Green et al. [2012]) and 
cirrus radiative properties (e.g. Baran and Francis [2004]; Maestri [2005]; Cox et al. [2010]; 
Baran et al. [2014]). 
ARIES is a Michelson-type interferometer with a maximum path difference of ±1.037 cm. It 
uses two onboard temperature-stabilised blackbody targets, and has two sets of detectors; a 
Hg:Cd:Te detector covering the longer-wave 550-1800 cm
-1
 region and a In:Sb detector 
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covering the shorter-wave 1700-3000 cm
-1
. The detectors are cooled to approximately 80K. 
ARIES is fitted with a He-Ne laser for sampling purposes and is capable of recording two full 
scans per second.  
Instrument uncertainty is < 0.2K viewing a 280K target at 1000 cm
-1
 for one minute, and co-
addition of scans adds an additional uncertainty equal to the standard deviation of the spectra. 
However this co-addition also reduces the random noise by a factor of 1
√𝑁
⁄  where N is the 
number of averaged scans. The calibration procedure used for ARIES scans is similar to that 
described in Revercomb et al. [1988]. 
3.5 Summary 
This chapter has described how Fourier Transform Spectroscopy is used to obtain a spectrum 
of atmospheric radiation from the output of an interferometer instrument, via the explanation 
of different variations of spectrometer design. The three main instruments that were used in 
this thesis to record spectroscopic measurements: TAFTS, AERI-ER and ARIES were then 
introduced. Further detail on the design, data processing and calibration of the TAFTS 
instrument were given, as this was directly worked on by the author. 
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4 Radiative transfer: Theory and simulation 
The physics of radiative transfer theory in atmospheres both with and without cloud cover is 
discussed in this chapter, followed by a description of the models used to simulate FIR 
spectra in this work.  
4.1 Radiative transfer in a non-scattering atmosphere  
The Beer-Bouguer-Lambert Law states that the fractional decrease in radiance along a path is 
proportional to the mass of absorbing material it encounters along the path. Hence for a beam 
of radiation of radiance 𝐼𝜐 at wavenumber 𝜐, travelling along a path of length 𝑑𝑠, in a unit 
volume containing a density 𝜌𝑎  of radiatively active gas (as shown in Figure 4.1), the 
fractional decrease in radiance due to absorption by the gas can be written as: 
𝑑𝐼𝜐 =  −𝑘𝜐 𝜌𝑎  𝐼𝜐 𝑑𝑠 
4.1 
where 𝑘𝜐 is the mass extinction coefficient of the gas. This has contributions from both the 
mass absorption coefficient 𝑘𝑎 and the mass scattering coefficient 𝑘𝑠 as 
𝑘𝜐 = 𝑘𝑎 + 𝑘𝑠 
4.2 
Initially, the atmosphere can be assumed to be non-scattering, and therefore only the 
contribution 𝑘𝑎 should be considered.  
 
Figure 4.1: Schematic showing 𝐼𝜐 travelling through an absorbing material 
The material through which the radiation is travelling contains particles which also emit 
radiation and therefore equation 4.1 can be modified to include this additional energy. If the 
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radiation from the material is modelled as a source function  𝑆𝜐 , which is proportional 
to 𝑘𝜐 𝜌𝑎  𝑑𝑠, the radiative transfer equation can now be written 
𝑑𝐼𝜐
𝑑𝑠
=  − 𝑘𝜐 𝜌𝑎  (𝐼𝜐 − 𝑆𝜐) 
4.3 
which is also known as Schwarzschild’s equation. Several simplifications can be used when 
this is applied to radiative transfer in the atmosphere. The first is known as the plane parallel 
approximation, and assumes that the intensity of the radiance only varies along the  𝑧 
coordinate, and not along the 𝑥 or 𝑦. This is a fair approximation on a local scale, although in 
reality radiation travels in all directions and should be described using spherical polar 
coordinates. The second assumption is that the atmosphere is in local thermodynamic 
equilibrium. This is valid for a localised volume in which the radiation can be considered to 
be isotropic, and where collision induced radiation events are more frequent than radiative 
transitions (below around 70 km in altitude in the atmosphere).  
Kirchhoff’s law states that emissivity is equal to absorptivity, and assuming that the material 
emits as a black body, the source function 𝑆𝜐  can be replaced by the Planck radiation 
function 𝐵𝜐. Using this and the assumptions outlined above, equation 4.3 can be rewritten as  
𝜇 
𝑑𝐼𝜐(𝑧, 𝜇)
𝑑𝑧
=  − 𝑘𝜐 𝜌𝑎[𝐼𝜐(𝑧, 𝜇) − 𝐵𝜐(𝑧) ] 
4.4 
where 𝜇 is the cosine of the viewing zenith angle 𝜃, and 𝐵𝜐(𝑧) is the Planck function at an 
altitude 𝑧 where the temperature is 𝑇(𝑧).  A positive value of 𝜇  denotes upwelling radiances, 
while a negative value implies downwelling radiances.  
The 𝑧 dependence in equation 4.4 can be replaced with the optical depth 𝜏, a dimensionless 
quantity. The differential form of the optical depth can be defined as  
𝑑𝜏 = −𝑘𝜐(𝑧)𝜌𝑎(𝑧)𝑑𝑧 
4.5 
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Using this, equation 4.4 can be re-written as in equation 4.6, which is Schwarzschild’s 
equation for a non-scattering atmosphere: 
𝑑𝐼𝜐(𝜏, 𝜇)
𝑑𝜏
= 𝐼𝜐(𝜏, 𝜇) − 𝐵𝜐(𝜏) 
4.6 
4.6 is a first-order differential equation, and in order to solve it for both upwelling and 
downwelling radiances, two sets of boundary conditions must be introduced. One boundary 
can be taken as the emitted flux from the surface, defined by the Planck function 𝐵𝜐(𝜏) at the 
temperature of the surface. The second boundary is taken as the top of the atmosphere, where 
the emitted radiance may be approximated as zero.  
4.2 Spectral lines 
The absorption and emission of thermal photons by gases in the atmosphere is dependent on 
the energy differences between the vibrationally or rotationally excited states of the 
molecules in the gases [Andrews, 2010]. The energy differences are quantised, meaning that 
they may only take certain discrete values determined by quantum mechanical selection rules. 
This requires that photons in the atmosphere can only be absorbed and emitted at certain 
discrete frequencies which correspond to the energies of the levels, governed by the 
equation  𝐸 = ℎ𝑓 , where  ℎ is Planck’s constant. The energy of a photon may thus be 
quantified either by its wavelength 𝜆, where 𝜆 = 𝑐/𝑓 , or by its wavenumber 𝜈, where 𝜈 =
𝑓/𝑐 = 1/𝜆.  
The atmosphere’s extinction coefficient 𝑘𝜈 , a constant of proportionality that determines the 
fractional decreases in the spectral radiance of a beam as it passes through an absorbing 
material would be zero at all wavenumbers except for those values at which transitions 
between energy levels occur. At these wavenumbers  𝑘𝜈  is large - these spikes in the 
extinction coefficient are known as spectral lines. The extinction coefficient may be 
expressed as a sum of these spectral lines i.e. 
𝑘𝜈 = ∑ 𝑆𝑛𝛿(𝜈 − 𝜈𝑛)
𝑛
 
4.7 
where  𝑆𝑛  are constants representing the line strengths, and 𝛿(𝜈 − 𝜈𝑛) is the Dirac delta 
function; an idealised function that is zero everywhere except at the line, and has an integral 
 
84 
of one over the line i.e. the line is infinitely thin [Dirac, 1958]. In practice, physical effects 
lead to broadening of the lines, requiring the Dirac delta function in equation 4.7 to be 
replaced by line-shape functions 𝑓𝑛 as follows: 
𝑘𝜈 = ∑ 𝑆𝑛𝑓𝑛(𝜈 − 𝜈𝑛)
𝑛
 
4.8 
The line-shape functions 𝑓𝑛 are normalised, so that the integral over all wavenumbers is equal 
to one. The broadening of atmospheric spectral lines is caused by three main physical 
processes: natural broadening, collisional broadening, and Doppler broadening.  
Natural broadening, or natural line width, arises from the uncertainty in the energy of the 
states involves in the transition (due to Heisenberg’s Uncertainty Principle), thus widening 
the energy values at which the extinction coefficient peaks. Collisional broadening happens 
when the molecule in question collides with other molecules in the atmosphere, interrupting 
the emission process. This results in the transition between states having a finite collisional 
lifetime 𝜏𝑐 , meaning that the energy levels are no longer precisely defined but instead have a 
spread of values. This spread is described by the Lorentz lineshape 
𝑓𝐿(𝜈 − 𝜈𝑛) = (
𝛾𝐿
𝜋𝑐
)
1
(𝜈 − 𝜈𝑛)2 + 𝛾𝐿
2 
4.9 
The line width at half maximum is given by 𝛾𝐿 = (2𝜋𝜏𝑐)
−1, and using kinetic theory [Goody 
and Yung, 1989] the pressure and temperature dependence of 𝛾𝐿 can be written as 
 𝛾𝐿 ∝ 𝑝𝑇
−
1
2 
4.10 
The electromagnetic radiation emitted from a moving particle will undergo the Doppler 
Effect; a shift in frequency of the radiation emitted. If the particle is moving away from the 
observer at velocity 𝑢, the Doppler shift (𝜈 − 𝜈0) of a spectral line at wavenumber 𝜈0 is given 
by (𝜈 − 𝜈0) =
𝑢
𝑐
𝜈0  , with the condition that  𝑢 ≪ 𝑐  . For a large number of particles, the 
velocities can be described using the Maxwell-Boltzmann distribution, which states that the 
probability of a particle having a velocity between 𝑢 and  𝑢 + 𝑑𝑢 is 𝑃(𝑢)𝑑𝑢, given that  
𝑃(𝑢) = (
𝑚
2𝜋𝑘𝐵𝑇
)
1
2
𝑒𝑥𝑝 (−
𝑚𝑢2
2𝑘𝐵𝑇
) 
4.11 
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where 𝑘𝐵 is the Boltzmann constant and 𝑚 is the mass of the particle. The range of velocities 
of the particles leads to a variation in spectral shifts, and it is this that results in Doppler 
broadening of a spectral line. The spectral line shape for a Doppler broadened line is obtained 
by convolving 𝑃(𝑢) with a Dirac delta function, giving 
𝑓𝐷(𝜈 − 𝜈𝑛) =
1
𝛾𝐷√𝜋𝑐
𝑒𝑥𝑝 (−
(𝜈 − 𝜈𝑛)
2
𝛾𝐷
2 ) 
4.12 
where 
𝛾𝐷 =
𝜈𝑛
𝑐
(
2𝑘𝐵𝑇
𝑚
)
1
2
 
4.13 
The Doppler line shape is a Gaussian distribution with a Half-Width at Half-Maximum 
(HWHM) of  𝛾𝐷(𝑙𝑛2)
1
2  . As can be seen in equation 4.13,  𝛾𝐷  is proportional to  𝑇
1
2  but 
independent of  𝑝. 
This means that at low altitudes and therefore higher pressures, collisional broadening 
dominates (since  𝛾𝐿  is proportional to  𝑝 ), whereas Doppler broadening becomes more 
significant at higher altitudes. Also, Doppler broadening has a greater effect on spectral lines 
in the visible and ultraviolet regions than in the infrared due to its dependence on 
wavenumber.  
Both collisional and Doppler broadening effects can be taken into account by convolving the 
Lorentz and Doppler lineshape functions, resulting in a function known as the Voigt 
lineshape. This is used throughout this work for the simulation of spectral radiances. 
4.3 Line-by-line radiative transfer codes 
Line-by-line radiative transfer models are able to calculate the radiance at every spectral line 
within a chosen wavenumber range at a given resolution. This is achieved by solving of the 
radiative transfer equation computationally at each layer in the atmosphere to give the 
radiance expected at a given height, either upwelling or downwelling. 
The model used in this work is the Line By Line Radiative Transfer Model (LBLRTM)  
version 12.2 [Clough et al., 2005]. LBLRTM is regularly updated with new line strength 
measurements, incorporates the MT-CKD water vapour continuum parameterisation (again 
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with updates), and can be combined with scattering models to simulate atmospheres 
containing clouds (see §7). 
The main features of LBLRTM are given in Clough et al. [2005], and can be summarised as 
follows: 
 Line strengths are taken from the HITRAN 2008 database [Gordon et al., 2007], a 
collection of molecular absorption information for many different molecules. This 
information is used to calculate the absorption of radiation as it passes through the 
atmosphere. 
 The water vapour continuum is modelled using the MT-CKD parameterisation, which 
includes both the self- and foreign-broadened contributions (see §2.2.2). 
 Lines are simulated using a Voigt line shape, which takes into account broadening of 
spectral lines by collision and Doppler broadening  
 Simulations can be tailored to match observations by a Fourier Transform 
Spectrometer such as TAFTS. This is done by choosing an instrument function that 
matches the apodisation function of the preferred instrument, i.e. for TAFTS, a 
Kaiser-Bessel function would be used (see §3.2). 
LBLRTM uses a variety of inputs to produce the simulated radiances. This is summarised in 
the flowchart in Figure 4.2. A file containing information about the line strengths from 
HITRAN is produced to be read into the main program. This file is known as a ‘TAPE 3’. A 
second file, called a ‘TAPE5’, contains information about the atmosphere that is to be 
simulated. This includes the altitude of the observer, the view angle, and the altitude of the 
boundary (either surface or TOA). An atmospheric profile is also needed, which should 
contain the temperature, pressure and atmospheric gas concentrations at each layer height at 
which the radiance is to be calculated. This profile can be created by the user for specific 
atmospheric conditions, or one of six standard profiles can be used. The calculated radiances 
from the main LBLRTM program are output into two files, one binary (TAPE 11) and one in 
ASCII format (TAPE 27). 
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Figure 4.2: Flowchart showing the inputs and outputs of LBLRTM 
LBLRTM also has the ability to output brightness temperatures, or optical depths for each 
profile layer. The latter of these can be used with scattering models to simulate cloudy 
atmospheres, which will now be discussed. 
4.4 Radiative transfer in a cloudy atmosphere  
Clouds in the atmosphere contain particles which scatter thermal radiation, therefore this 
scattering must be considered in addition to absorption as contributing to the total extinction 
of radiation. Hence a term representing the source of radiation associated with this scattering 
must be added to the radiative transfer equation. If 𝛽𝑎 is the absorption coefficient of the 
absorbing gases and cloud particles, and 𝛽𝑠 is the scattering coefficient of the cloud particles, 
the extinction coefficient is 
𝛽𝜐 = 𝛽𝑎 + 𝛽𝑠 
4.14 
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The total source function for the atmosphere may now be written as 
𝑆𝜐 =
𝛽𝑎 𝐵𝜐 + 𝛽𝑠 𝐽𝜐
𝛽𝜐
 
4.15 
where  𝐽𝜐 is the source function associated with scattering and 𝐵𝜐 is the Planck function. 
Inputting this into the radiative transfer equation gives 
𝜇
𝑑𝐼𝜐
𝑑𝑧
= −𝛽𝑎(𝐼𝜐 − 𝐵𝜐) = −𝛽𝑠(𝐼𝜐 − 𝐽𝜐) = −𝛽𝜐(𝐼𝜐 − 𝑆𝜐) 
4.16 
The single scattering albedo 𝜔0 of the cloud particles is defined as the ratio of the scattering 
to extinction coefficients: 
𝜔0 =
𝛽𝑠
𝛽𝜐
 
4.17 
Combining equations 4.15 and 4.17 gives the source function for scattering in the form: 
𝑆𝜐 = (1 − 𝜔0)𝐵𝜐 + 𝜔0 𝐽𝜐 
4.18 
When radiation is scattered by a particle in the atmosphere, it is scattered in all directions. 
The amount of energy scattered in each direction is determined by the wavelength of the 
incident radiation, and by the shape, size, composition and orientation of the particle. This 
means that scattering is not isotropic, and therefore a scattering phase function 𝑃(𝜃), where 𝜃 
is the scattering angle, is defined to describe the distribution of the scattered energies. When 
𝑃(𝜃) is integrated over a sphere (such as in equation 4.19 where 𝜃 and 𝜙 are the zenith and 
azimuthal angles respectively), it is normalised to unity. 
∫ ∫
𝑃(𝜃) 
4𝜋
 
𝜋
0
𝑠𝑖𝑛𝜃 𝑑𝜃 𝑑𝜙 = 1
2𝜋
0
 
4.19 
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Considering radiative transfer in a plane-parallel atmosphere only (i.e. with no azimuthal 
dependence), the phase function can be rewritten as 
𝑃(𝜃) =
1
2
∫ 𝑃(𝜃) 𝑑𝜃
𝜋
0
 
4.20 
The azimuth-independent scattering source function can therefore be defined as 
𝐽𝜐 =
1
2
∫ 𝑃(𝜃) 𝐼𝜐(𝜏, 𝜃) 𝑑𝜃
1
−1
 
4.21 
Combining equations 4.16, 4.18 and 4.21 gives the radiative transfer equation for thermal 
radiation in a scattering atmosphere: 
𝜇
𝑑𝐼𝜐(𝜏, 𝜇)
𝑑𝜏
= 𝐼𝜐(𝜏, 𝜇) − (1 − 𝜔0)𝐵𝜐(𝜏) −
𝜔0
2
∫ 𝑃(𝜇, 𝜃) 𝐼𝜐(𝜏, 𝜃) 𝑑𝜃
1
−1
 
4.22 
4.5 Line-by-line discrete ordinates method for radiative transfer in a scattering 
atmosphere 
When simulating radiances in a cloudy atmosphere such as the one described above, this 
work uses a model that combines optical depth outputs from LBLRTM with a cloud particle 
scattering model: The DIScrete Ordinate Radiative Transfer code (DISORT) [Stamnes et al., 
1988]. The combination of these two components results in a model known as LBLDIS 
[Turner,2005]. 
The DISORT code solves the radiative transfer equation for a cloudy atmosphere, along with 
a set of first order differential equations. The atmosphere is split into a number of layers, each 
of which have constant 𝜔0, 𝑃(𝜃) and 𝜏. DISORT then sets the boundary conditions (TOA or 
surface), along with the condition that upward and downward intensities must be continuous 
at each layer boundary, thus generating a set of differential equations with coefficients that 
can be solved.  
The method by which LBLDIS is operated is summarised in a flowchart in Figure 4.3. 
Firstly, a number of atmospheric layers are defined in LBLRTM (taken from the input 
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atmospheric profile).  Optical depths for each of these layers are calculated by LBLRTM and 
these, along with layer temperature and altitude, are passed to LBLDIS. Two further input 
files are required; a parameter file in which the user specifies information about the cloud 
layer (height, optical depth etc.), and a scattering database which includes the scattering 
properties (𝑔, 𝜔0, 𝛽𝜐  etc.) for the cloud layer as a function of wavenumber. The cloud is 
assumed to be homogenous in each layer.  
LBLDIS combines the optical depths from LBLRTM with those of the cloud to produce total 
optical depths for each layer, which are then used to calculate the radiative transfer. An 
output file is produced containing the simulated radiance spectrum. 
 
Figure 4.3: Flowchart showing the inputs and outputs of LBLDIS 
4.6 Scattering databases 
The ability of the LBLDIS model to accurately simulate the cloud radiances relies heavily 
upon the scattering database used. The databases used in this work were developed by Baum 
et al. at the Space Science and Engineering Center of the University of Wisconsin-Madison 
[Baum et al., 2014]. They consist of sets of single scattering properties (SSPs), including the 
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single scattering albedo 𝜔0, extinction coefficient 𝛽𝜐, and scattering phase function 𝑃(𝜃) for 
a wide wavelength range spanning the ultraviolet (UV) to the FIR. 
The scattering parameterisation developed by Baum et al. is based on bulk ice-cloud 
properties, and incorporates microphysical data from a variety of field campaigns [Baum et 
al., 2005a] as well as ice-particle SSPs developed from several different numerical light-
scattering models. The method by which the bulk ice-cloud scattering and absorption models 
were built is reported in Baum et al.  [2005a, 2005b, 2007], and is briefly described below. 
4.6.1 Microphysical data 
The field campaigns which obtained the microphysical data used to develop the cirrus 
scattering and absorption models used here [Baum et al., 2014] took place over both 
hemispheres, in midlatitude and tropical climates. A total of 12815 individual PSDs were 
recorded, which have particle number densities from 10 to >6000 μm. Also recorded for each 
PSD was the cloud temperature, the IWC (range 10
-6
 to 10
0
 g m
-3
) and the median mass 
particle diameter 𝐷𝑚. The PSDs were filtered to only include those recorded at ≤ - 40°C, in 
order to ensure measurements were taken within clouds composed of ice. The effective 
diameter 𝐷𝑒 for the PSDs tended to increase monotonically with IWC [Baum et al., 2005a], 
and the range of 𝐷𝑒 calculated was 10 to 180 μm. 
The effective diameter is calculated from the PSDs using 
𝐷𝑒 =
3
2
  
∑  ∫ 𝑉ℎ(𝐷) 𝑓ℎ(𝐷) 𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
𝑀
ℎ=1
∑  ∫ 𝐴ℎ(𝐷) 𝑓ℎ(𝐷) 𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
𝑀
ℎ=1
=  
3
2
  
𝑉𝑡𝑜𝑡
𝐴𝑡𝑜𝑡
 
4.23 
where 𝐷𝑚𝑎𝑥  and 𝐷𝑚𝑖𝑛  are the maximum and minimum particle sizes in the distribution,  
𝑓ℎ(𝐷) is the ice particle habit fraction of habit ℎ for size 𝐷, 𝑛(𝐷) is the number distribution 
for size 𝐷, and 𝑉ℎ(𝐷) and 𝐴ℎ(𝐷) are the projected volume and area of a specific particle of 
habit ℎ for size 𝐷, respectively. The habit fraction is defined so that for each size bin 
∑   𝑓ℎ(𝐷)
𝑀
ℎ=1
= 1 
4.24 
where M is the total number of habits. 
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The IWC for a given PSD is calculated using 
𝐼𝑊𝐶 = 𝜌𝑖𝑐𝑒  ∑  ∫ 𝑉ℎ(𝐷) 𝑓ℎ(𝐷) 𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
𝑀
ℎ=1
 
4.25 
where 𝜌𝑖𝑐𝑒 = 0.917 𝑔 𝑐𝑚
−3 and is the density of ice [Baum et al., 2014]. 
The PSDs were measured primarily using 2D imaging probes (see §7.3.2), and thus were 
affected by the issue of shattering of large ice crystals on the probe inlets, resulting in an 
overly large concentration of small particles, and an under-counting of large particles. The 
PSDs used by Baum et al. have been reprocessed to account for this effect using the method 
described by Field et al. [2006], which uses particle inter-arrival times to estimate the fraction 
of particles affected and corrects the size concentrations accordingly. 
4.6.2 Ice particle habits and surface roughness 
The Baum et al. [2014]  databases are based on a library of SSPs developed for habits 
including plates, droxtals, hollow and solid columns, hollow and solid bullet rosettes, an 
aggregate of solid columns and a small/large aggregate of plates. Three SSPS databases are 
available that assume the use of solid columns only (SC), an aggregate of solid columns only 
(ASC), and a general habit mixture that incorporates all the habits (GHM). Further details on 
the geometries of these habits is given in Baum et al. [2011], and the ice-particle volume for 
each habit as a function of maximum particle dimension 𝐷𝑚𝑎𝑥 is given in Figure 4.4. 
 
Figure 4.4: Ice-particle volume as a function of habit and maximum dimension 𝐷𝑚𝑎𝑥 for (a) 
𝐷𝑚𝑎𝑥 ≤ 1000 𝜇𝑚 (small-to moderately sized particles) and (b) 𝐷𝑚𝑎𝑥 > 1000 𝜇𝑚 (moderate 
to large particles). From Baum et al. [2011]. 
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Studies have shown that the surface roughness of ice particles has an important effect on the 
scattering properties of ice crystals. Ulanowski et al. [2006] used laboratory-grown 
roughened ice crystals in light scattering experiments, and found that particles with rough 
surfaces have qualitatively different phase functions to those with smooth surfaces, with the 
roughened particles having increased side and back scattering. The asymmetry parameter 𝑔 is 
typically about 0.8±0.04 and 0.63±0.05 for smooth and rough crystals respectively.  Further 
work by Ulanowski et al. [2014] used in situ measurements of ice particle roughness taken 
using the Small Ice Detector 3 (SID-3) during flights in mid-latitude cirrus clouds. They 
compared the retrieved roughness to those obtained to the lab-grown ice crystals, and found 
that the in situ roughness corresponded to the roughest subset of lab particles, and in some 
cases even extends beyond the most extreme lab values. 
The SSPs used in the databases of Baum et al. [2014] assume that the ice crystals are severely 
roughened, and account for this roughness using the ray-tracing method of Yang et al. [2008]. 
4.6.3 Single scattering properties 
The SSPs provided in the databases of Baum et al. [2014] are the single scattering albedo, 
asymmetry parameter, extinction coefficient, extinction efficiency, total projected particle 
area, and full phase matrix. These are all given as functions of the effective diameter that 
ranges from 10 to 120 μm in increments of 5 μm for a total of 23 individual 𝐷𝑒values. The 
SSPs are given for 445 discrete wavelengths between 0.2 and 100 μm. The equations for 
calculating the SSPs are taken from  Appendix B of [Baum et al., 2011] and Appendix A of  
[Baum et al., 2014], and are reproduced below. 
The mean scattering cross section 𝜎𝑠𝑐𝑎 at a specific wavenumber 𝜆 is given by 
𝜎𝑠𝑐𝑎(𝜆) =
∫ [∑ 𝜎𝑠𝑐𝑎,ℎ(𝐷, 𝜆) 𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
∫ [∑  𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
 
4.26 
where 𝜎𝑠𝑐𝑎,ℎ(𝐷, 𝜆) is the scattering cross section at particle size 𝐷, for wavenumber 𝜆 and 
habit ℎ. 
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Similarly, the mean extinction cross section 𝜎𝑒𝑥𝑡 is given by 
𝜎𝑒𝑥𝑡(𝜆) =
∫ [∑ 𝜎𝑒𝑥𝑡,ℎ(𝐷, 𝜆) 𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
∫ [∑  𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
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The mean single scattering albedo ?̅?0 is determined by the ratio of the mean scattering and 
extinction cross sections: 
?̅?0(𝜆) =
𝜎𝑠𝑐𝑎(𝜆)
𝜎𝑒𝑥𝑡(𝜆)
 
4.28 
The extinction efficiency 𝑄𝑒𝑥𝑡 for a given particle size is the extinction cross section divided 
by the total projected area, and the mean extinction efficiency ?̅?𝑒𝑥𝑡 is the extinction cross 
section divided by the total projected area for a given PSD: 
?̅?𝑒𝑥𝑡(𝜆) =
∫ [∑ 𝑄𝑒𝑥𝑡,ℎ(𝐷) 𝐴ℎ(𝐷) 𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
∫ [∑  𝐴ℎ(𝐷) 𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
 
4.29 
The bulk extinction coefficient ?̅?𝑒𝑥𝑡 is defined as 
?̅?𝑒𝑥𝑡(𝜆) = ∫ [∑ 𝑄𝑒𝑥𝑡,ℎ(𝐷) 𝐴ℎ(𝐷) 𝑓ℎ(𝐷)
𝑀
ℎ=1
] 𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
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The scattering phase function ?̅?(𝜃), where 𝜃 is the scattering angle, is given by 
 ?̅?(𝜃, 𝜆) =
∫ [∑ 𝑃ℎ(𝜃, 𝐷, 𝜆) 𝜎𝑠𝑐𝑎,ℎ(𝐷, 𝜆) 𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
∫ [∑  𝜎𝑠𝑐𝑎,ℎ(𝐷, 𝜆) 𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
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The asymmetry factor ?̅? is given by 
 ?̅?(𝜆) =
∫ [∑ 𝑔ℎ(𝐷, 𝜆) 𝜎𝑠𝑐𝑎,ℎ(𝐷, 𝜆) 𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
∫ [∑  𝜎𝑠𝑐𝑎,ℎ(𝐷, 𝜆) 𝑓ℎ(𝐷)
𝑀
ℎ=1 ]𝑛(𝐷) 𝑑𝐷
𝐷𝑚𝑎𝑥
𝐷𝑚𝑖𝑛
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and defines the amount of radiation that is scattered in the forward direction i.e. for 𝑔 = 1 all 
radiation is scattered forwards, for 𝑔 = −1 all radiation is back-scattered, and for 𝑔 = 0, the 
radiation is scattered isotropically. 
The choice of which  habit database (SC, ASC, GHM) to use in simulating recorded spectral 
measurements is an important one. Although the GHM database best represents the 
complexity of natural ice clouds compared to using a single habit model, it is more important 
that the habit choice is sufficient in reproducing in situ measurements for the specific 
application for which they are to be used. 
Studies investigating the consistency of the three habit databases when compared to in situ 
measurements indicate that the comparisons from the SC model provide the best match to 
values of both IWC and median particle diameter (𝐷𝑚𝑚) from field campaigns. The ASC 
model tended to underestimate the IWC and overestimate 𝐷𝑚𝑚 , whilst the GHM model 
performed well at reproducing the IWC, but tended to overestimate the 𝐷𝑚𝑚 at values above 
400 μm [Baum et al., 2014]. 
A second study evaluating the ability of the three databases to reproduce polarized 
reflectivities found that the GHM model with severe particle roughening provided the closest 
values, although single habit models were also able to simulate the reflectivities [Cole et al., 
2013].  
A final study by Baum et al. [2014] used retrievals of cloud optical thickness (𝜏)  in the solar 
(0.86-2.13 μm) and MIR (8.5-12 μm) spectral regions to test the consistency of the databases 
across the spectrum. They found that in the MIR the difference in 𝜏  was very small, 
indicating little sensitivity to habit in this region. The solar region is much more sensitive, 
and it was found that the ASC model performed the best at representing 𝜏 in this region.  
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5 Ground-based observations of the far-infrared 
water vapour foreign continuum during RHUBC 
This chapter reports the results of a case study using TAFTS to take FIR clear-sky 
measurements in order to study the water vapour continuum. These measurements were 
recorded while TAFTS was deployed during the Radiative Heating in Underexplored Bands 
Campaign (RHUBC). The chapter begins with an introduction to the campaign, its aims, and 
the range of instrumentation used in this work. The focus of the analysis is on a single case of 
measurements, made in clear sky conditions, at 1333 UTC on the 10
th
 March 2007. These 
recorded TAFTS spectra are used in a cross-comparison with the AERI-ER instrument 
present during the campaign, and then used in a validation study of the most recent iteration 
of the MT-CKD water vapour continuum parameterisation, the MT-CKD v2.5.  
5.1 Introduction 
The Radiative Heating in Underexplored Bands Campaign (RHUBC) took place in Barrow, 
Alaska, in February and March 2007. During RHUBC, high resolution far-infrared spectra 
were measured simultaneously and independently by two different spectrometers - the 
Imperial College Tropospheric Airborne Fourier Transform Spectrometer (TAFTS) and the 
Atmospheric Radiation Measurement program (ARM) Atmospheric Emitted Radiance 
Interferometer - Extended Range (AERI-ER).  
As outlined in §2.2, water vapour is responsible for over half of the natural greenhouse effect 
of the Earth, and the majority of the absorption of solar radiation by the atmosphere [Kiehl 
and Trenberth, 1997], resulting in it being the most important radiatively active atmospheric 
gas [Harries, 1996]. A key region is the far-infrared (FIR) pure rotation band (50-650 cm
-1
 / 
15.4-200 µm), from which up to 35 % of outgoing longwave radiation originates [Clough et 
al., 1992; Sinha and Harries, 1995]. Measurements presented here focus on the water vapour 
continuum absorption (see §2.2.2). Theories as to the cause of the continuum focus on 
absorption by the far-wings of vibration-rotation transitions [Elasser, 1938; Clough et al., 
1989] or by weakly bound pairs of water molecules, the water dimer [Baranov and Lafferty, 
2012]. The semi-empirical Mlawer-Tobin-Clough-Kneizys-Davies (MT-CKD) continuum 
model [Mlawer et al., 2003; Clough et al., 2005], widely used in radiative transfer 
simulations by the atmospheric science community, has been developed and continually 
updated as new measurement data has become available. The latest iteration, the MT-CKD 
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version 2.5 [Mlawer et al., 2012] was used in this work. In the spectral range 400-600 cm
-1
, a 
major update to the parameterisation (MT-CKD 2.4) resulted from analysis by Delamere et 
al. [2010] of data recorded by the Atmospheric Emitted Radiance Interferometer - Extended 
Range (AERI-ER, see §3.3)) instrument during the Radiative Heating in Underexplored 
Bands Campaign (RHUBC) [Turner and Mlawer, 2010].  
In this study, measurements from the AERI-ER are compared to those recorded by the 
Imperial College TAFTS instrument (see §3.2) recorded during the same campaign, allowing 
a direct comparison between the two instruments for the first time. The TAFTS 
measurements presented here cover parts (350-550 cm
-1
)  of the FIR water vapour spectrum 
at a higher spectral resolution than has previously been reported by studies using alternative 
instrumentation [Cageao et al., 2010; Delamere et al., 2010; Liuzzi et al., 2014]. The water 
vapour continuum is a low resolution absorption, however higher resolution measurements 
allow more accurate rendering of the absorption lines, and easier separation of the line and 
continuum contributions. This study evaluates the current continuum model at FIR 
wavelengths, complementing previous studies from other locations and atmospheric 
conditions. These results, although from a single case, suggest that current model parameters 
are accurately representing the water vapour continuum across the entire spectrum. 
5.2 The Radiative Heating in Underexplored Bands Campaign 
5.2.1 Field campaign description 
RHUBC [Turner and Mlawer, 2010] was a ground-based study which took place at the 
Atmospheric Radiation Measurement Climate Research Facility - North Slope of Alaska 
(ACRF-NSA) site from 22 February to 14 March 2007.  
RHUBC had three main objectives: 
1. To record clear-sky radiative measurements to be used to reduce uncertainties in 
water vapour spectroscopy, particularly concerning the water vapour continuum and 
water vapour absorption line parameters.  
2. To cross-calibrate the TAFTS instrument with the AERI-ER instrument. An inter-
comparison study between the two FIR spectrometers allows higher confidence in 
results from both instruments.  
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3. To investigate the radiative properties of sub-arctic cirrus using measurements from 
both TAFTS and AERI-ER. This has allowed a high-resolution study spanning the 
mid- and far-infrared [Humpage, 2010], and is not addressed here. 
Across the majority of surface locations on Earth, the FIR spectral region is saturated by 
strong absorption in the high pressure and humidity of the near surface, rendering its 
spectroscopic features unobservable. There are three options to overcome this near surface 
opacity; observations from space (via satellite), from aircraft, or from cold and dry surface 
locations such as high mountain tops or arid arctic regions. The timing and location for 
RHUBC was chosen to exploit this last scenario, as the relative transparency of the 
atmosphere, dry climate and low occurrence of optically thick low clouds during the winter at 
the ACRF-NSA site makes it ideal to conduct studies of this nature [Turner and Mlawer, 
2010]. The typical transparency of the atmosphere for RHUBC is demonstrated in Figure 5.1 
by the contrast between the simulated sea-level infrared radiance spectrum for a US standard 
atmosphere (PWV = 13.5 mm) and the much drier (PWV = 1.4 mm) sub-arctic winter 
atmosphere observed during RHUBC at ACRF-NSA. FIR (50-650 cm
-1
) radiances are much 
reduced for the sub-arctic case due to the much colder temperatures in the arctic atmosphere 
lowering the overall radiance curve, but also the greater atmospheric transparency in this 
region, represented by the visible deepening of the microwindows between the water vapour 
absorption lines.  
 
Figure 5.1: LBLRTM simulations of down-welling spectral radiance performed using a US 
standard atmosphere (PWV = 13.5 mm) and a sub-arctic winter atmosphere observed during 
RHUBC (PWV = 1.4 mm). 
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5.2.2 Instrumentation 
The ACRF-NSA was established to address the need for long term monitoring of the 
atmosphere in the arctic, a region particularly sensitive to changes in global climate. A large 
number of the instruments present at the facility have been continuously recording data since 
July 1997, giving an overview of long-term changes in atmospheric conditions as well as 
cloud and radiative processes taking place in the high latitude climate. For RHUBC, in 
addition to the two FIR interferometers (TAFTS and AERI-ER, described fully in §3.2 and 
§3.3), three millimeter-wave radiometers, a cloud-sensitive lidar and a radiosonde sounding 
station were employed (additional details given in Turner and Mlawer [2010]).  
Most of the instruments were located on two trailer platforms. TAFTS was housed in the 
guest instrument facility shown in Figure 5.2, where a steel cylinder was installed to connect 
the TAFTS down-welling viewing port to a hole in the roof of the trailer. This minimised any 
contamination of the field of view from within the trailer. A pump was used to move air from 
outside into the TAFTS instrument, ensuring that the sampled air was as similar as possible in 
temperature and water content to the air outside the trailer. 
 
Figure 5.2: The guest instrument facility at the ACRF-NSA, where the TAFTS instrument was 
housed during RHUBC. Photo credit: ARM. 
Routine radiosonde launches are performed twice daily at the ACRF-NSA site, and for the 
duration of RHUBC additional launches took place, making a total of 92 (32 in clear sky 
conditions) over the three week field campaign. Radiosondes are battery-powered 
meteorological instrument packages that are carried into the atmosphere by weather balloons. 
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They measure atmospheric parameters including pressure, altitude, latitude and longitude, 
temperature and relative humidity. These measurements are then transmitted to ground by 
radio signals. The radiosondes deployed during RHUBC were the Vaisala RS-92, which have 
a temperature (T) and relative humidity (RH) measurement uncertainty of ±0.5 °C and ±5 
%RH respectively [Vaisala, 2010b]. Mirroring the procedure used by Delamere et al. [2010],  
the radiosonde data have been corrected using the Miloshevich et al. [2009] clear-sky 
scheme, to minimize profile bias. This correction was derived using comparisons of 
radiosonde data with measurements from instruments of known accuracy, and is valid in clear 
or near-clear sky conditions. RS-92 radiosondes have also been found to exhibit sonde-to-
sonde variability in the calibration of their water vapour sensors [Cady-Pereira et al., 2008; 
Miloshevich et al., 2009], and therefore each water vapour profile measured by RHUBC 
radiosondes has been scaled to match the PWV retrievals measured coincidentally by the G-
band water-Vapour Radiometer (GVR) present at ACRF-NSA [Cadeddu et al., 2007; Cimini 
et al., 2009]. The GVR PWV uncertainty is approximately 2% and this error has been 
incorporated into the RH uncertainties of the profile measurements in this analysis.  
5.3 Cross-comparison of TAFTS and AERI-ER observed FIR spectral radiances 
In 2004, Turner et al. compared the observed radiance measured by two AERI-ER present at 
the NSA site and found that the two instruments agreed within measurement uncertainties 
[Turner et al., 2004b]. Additionally, an AERI instrument (without extended range) was 
compared to the Far-Infrared Spectroscopy of the Troposphere (FIRST) radiometer 
(measurement range 50-2000 cm
-1
) [Mlynczak et al., 2006] in 2009 during the second phase 
of RHUBC in Cerro Toco, Chile, with differences in measurements between the two 
instruments found to be of the order 2-3 % of radiance within their overlap range (500-800 
cm
-1
) [Cageao et al., 2010]. However the AERI-ER, with ability to take measurements 
further into the FIR portion of the spectrum than the AERI, has not previously been compared 
with a different design of interferometer such as TAFTS. 
5.3.1 Data selection 
TAFTS was deployed during RHUBC from 3rd-12th March 2007. Due to intermittent 
cabling and alignment issues, it was only possible to record data on the 4th, 5th, 9th and 10th 
March. The optimal weather conditions for studies of the water vapour continuum occurred 
on the 10th March, and the dataset from this day was therefore used for this analysis. March 
10th had stable clear sky conditions combined with low PWV of 1.0 mm rising to 1.6 mm 
over the course of the day, allowing the far-IR spectral region to be observed. The TAFTS 
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data consists of 81 spectral scans averaged over the 20 minutes of measurement time. The 
standard deviation of the spectra is taken as a calibration uncertainty, in combination with the 
measurement uncertainty of the TAFTS instrument (see §3.2). Only TAFTS data at 
wavenumbers greater than 350 cm
-1
 has been used here, as the opacity of the atmosphere did 
not allow observation of the longer wavelength region (see §5.2.1). 
The AERI-ER data used here consisted of 26 spectral scans recorded over the same time 
period as the analysed TAFTS measurements. The data recorded by AERI-ER during 
RHUBC has been post-processed to reduce uncorrelated errors [Turner et al., 2006], account 
for an improved blackbody emissivity model [Turner, 2003], and correct for oscillations 
around 400 cm
-1
 [Delamere et al., 2010]. Due to noise and calibration considerations, AERI-
ER measurements from RHUBC are limited to those at wavenumbers above 400 cm
-1
. 
The spectral range over which the AERI-ER and TAFTS data overlapped was 400-550 cm
-1
. 
As the TAFTS radiance spectra have a resolution of 0.12 cm
-1
, the data was filtered to match 
the resolution of AERI-ER (0.5 cm
-1
). This was achieved by multiplying the TAFTS 
interferogram by the Fourier transform of the AERI-ER instrument response function. The 
response function is a sinc function [Knuteson et al., 2004a, 2004b], and therefore its Fourier 
transform is a boxcar function of width twice the AERI-ER optical path length (1.037 cm). A 
reverse Fourier transform was then performed on the newly-apodised TAFTS interferogram 
to return it to wavenumber space, allowing it to now be compared to the AERI-ER radiances 
at the same spectral resolution. 
5.3.2 Radiance comparison 
The observed radiances from the two instruments are shown in Figure 5.3 (a), with the 
difference between them plotted in Figure 5.3 (b). The combined uncertainty of the two 
instruments (both from radiative calibration and the standard deviation of the averaged 
spectra) is plotted in blue to give a comparison with the residual. 
Figure 5.3 shows good agreement between the two instruments, with an average bias of 0.42 
RU (where 1 RU is 1 mW/(m
2
.sr.cm
-1
)) i.e. TAFTS consistently records slightly lower 
radiances than AERI-ER. The standard deviation of the residuals is 2.21 RU, and the 
maximum deviation of the residual from zero is 6.27 RU, which is within three standard 
deviations. The average combined instrumental uncertainty is 2.27 RU, and 68 % of the 
residual data lies within the uncertainty boundaries. Figure 5.3 shows that several of the 
residual features that lie outside the range of the uncertainties occur at the peaks of absorption 
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lines (e.g. 442, 457, 484, 518, 526 cm
-1
). This could be attributed to additional emission by 
water vapour within the TAFTS instrument, resulting in increased differences at the strong 
line centres.  
The strong agreement between the TAFTS and AERI-ER measurements gives confidence in 
the ability of both instruments to accurately represent the far-infrared down-welling 
radiances, given their differences in interferometer and detector design. Data from the AERI-
ER at RHUBC has been used to develop the MT-CKD 2.4 continuum parameterization 
[Delamere et al., 2010], and therefore the agreement between the two instruments indicates 
that the data obtained from TAFTS at RHUBC can be used to study the foreign-broadened 
water vapour continuum the lower wavenumbers to which the TAFTS measurement range 
extends. 
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Figure 5.3: (a) Comparison of AERI-ER (black) and TAFTS (red) radiance spectra; (b) their 
residual (black) and combined instrumental uncertainty (blue) for the dataset recorded on the 
10th March 2007. The TAFTS spectra have been filtered to match the resolution of the AERI-
ER. 
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5.4 Water vapour continuum simulations and measurements 
The TAFTS FIR spectra recorded on the 10
th
 March 2007 were compared to simulated 
spectra for the observed conditions, generated using the Line By Line Radiative Transfer 
Model (LBLRTM) [Clough et al., 2005]. This comparison was used to evaluate the ability of 
the model to correctly simulate the water vapour continuum as observed in this case study. 
The effect of the continuum can be observed in the spectral micro-windows i.e. those regions 
in between the spectral absorption lines, and therefore any differences between measured and 
simulated radiances due to continuum effects are expected to be observed in these micro-
windows.  
5.4.1 Simulated radiances 
The LBLRTM requires an accurate profile of atmospheric conditions in order to simulate the 
expected radiances. The primary source of atmospheric profile T and RH information was 
from the 1333 UTC radiosonde release, which was corrected according to the procedure used 
by Delamere et al. [2010] as outlined in §5.2.2. In addition, measurements from the 40 m 
observation tower at the site were used to construct the profile close to the surface. Above the 
tropopause, a sub-arctic winter standard atmospheric profile [McClatchey et al., 1972] was 
used. The final composite T and RH atmospheric profiles for the duration of the 1333 sonde, 
where these data have been combined and smoothed, along with their uncertainties, are 
shown in Figure 5.4. The smoothing gives representative values at the profile levels input into 
LBLRTM and avoids any problems due to random noise fluctuations. The profile has 150 
fixed pressure levels; 100 levels in the troposphere (1038-100 hPa) and 50 levels between 
100 and 10 hPa. 
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Figure 5.4: The final composite temperature (a) and relative humidity (b) atmospheric 
profiles used in the analysis, with the combined uncertainty values shown in blue. 
Simulated radiances are calculated from the profile information using LBLRTM v12.2 with 
the AER v3.2 line database and MT-CKD 2.5.2 continuum parameterization [Clough et al., 
2005; Mlawer et al., 2012]. The LBLRTM line parameters are based on the HITRAN 2008 
[Rothman et al., 2009] spectroscopic database, which includes the updated air-broadened 
half-widths of FIR water-vapour absorption lines reported in Delamere et al. [2010]. A full 
record of recent revisions can be found on the Atmospheric and Environmental Research Inc. 
(AER) website (http://rtweb.aer.com/). The MT-CKD 2.5.2 foreign-broadened water vapour 
continuum coefficients in the simulated measurement region are based on the Delamere et al. 
[2010] study of RHUBC AERI-ER observations. As it has already been shown in §5.3 that 
the TAFTS and AERI-ER observations from the single case analysed here are generally 
consistent, it would be expected that there would be agreement between the TAFTS 
observations and the LBLRTM simulations.  
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5.4.2 Comparison of observed and simulated radiances 
The calibrated TAFTS FIR radiances shown in Figure 5.5 (a) were recorded co-incidentally 
with the duration of the 1333 UTC radiosonde launch, from which the simulation profile was 
constructed. The corresponding LBLRTM simulation for these data is shown in the same 
panel. The micro-window regions, where continuum absorption is seen, are indicated in 
purple. Figure 5.5 (a) shows that the observed radiances have general agreement with those 
calculated by LBLRTM, giving confidence that the model can accurately simulate case 
studies such as this one. The structure of the differences seen between the TAFTS radiances 
and simulations is mainly attributable to uncertainties in the line strengths and widths. Better 
agreement is seen in the window regions, where the signal from the foreign-broadened 
continuum is better isolated.  
The residual (observed minus simulated radiances) is shown in Figure 5.5 (b) along with the 
combined radiance uncertainties. These uncertainties are a cumulative value calculated from 
several individual sources, each of which are shown in Figure 5.6, alongside the same 
residual as plotted in Figure 5.5 (b). Figure 5.6 (a) shows the equivalent radiance uncertainty 
from the profile used for the LBLRTM simulation (combined RH and T uncertainties), and 
Figure 5.6 (b) shows the TAFTS calibration uncertainty. In order to assess the effect of the 
uncertainties in the simulation due to the line parameters (such as the large adjustments to 
H2O line widths suggested by Delamere et al. [2010]), simulations have been performed 
where the intensity and width of water vapour lines given in AER v3.2 have been perturbed 
by 5%. The original minus perturbed simulation for the line strengths and widths are shown 
in Figure 5.6 (c) and (d) respectively. The residuals between the original and perturbed 
simulations show the sensitivity of the calculated radiances to the uncertainties in the line 
strengths and widths. 
By comparing the magnitude of the residual between the TAFTS observations and the 
LBLTRM simulation in Figure 5.5 (b) with the combined uncertainty value, those features 
which lie outside the uncertainty range can be identified. The model continuum coefficients 
were adjusted until values were identified that best fitted the TAFTS observations within the 
microwindows. The magnitude of the residual between the simulation using these altered 
continuum values, and the simulation using the original continuum values, is shown by the 
red stars in Figure 5.5 (b). As the majority of the red stars lie within the range of the 
uncertainties (blue lines), these suggested adjustments in model continuum coefficients are 
ultimately indistinguishable from uncertainty in the instrumental measurements.  
 
107 
 
Figure 5.5: Comparison of the TAFTS and simulated radiances. (a) A section of the TAFTS 
data measured during the 1333 radiosonde launch (black), with the corresponding simulated 
radiance (red). The window regions are indicated in purple. (b) Observation - simulation 
residual (black), cumulative uncertainties (blue). The red stars in each microwindow are the 
magnitude of the residual between the simulation when using adjusted model continuum 
coefficients, and the original simulation.  
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Figure 5.6: Sources of uncertainty in the radiance simulation. All panels; the observed-
simulated residual (black). (a) The equivalent radiance uncertainty due to the T and RH 
uncertainties in the LBLRTM profile (red). (b) The TAFTS radiometric calibration 
uncertainty (blue). (c) and (d) Uncertainty due to a 5% perturbation in the AER v3.2 water 
vapour line intensity and width respectively, where the coloured lines represent the original 
simulation minus the perturbed simulation. 
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5.4.3 Discussion and comparison with previous studies 
Table 5.1 summarizes the values of continuum absorption strength in each microwindow as 
suggested by the measured TAFTS radiances, given as a percentage change of the current 
continuum model, and also in units of spectral density function Cf (cm
2 
mol
-1
(cm
-1
)
-1
). This 
data is plotted in Figure 5.7, where the dashed red line represents a weighted linear fit to the 
data. Here the error bars represent the combined uncertainty from the TAFTS calibration and 
simulation profile. Figure 5.7 indicates that the suggested continuum from the calibrated 
TAFTS radiances has good agreement with the MT-CKD continuum, with almost all of the 
values lying within their uncertainty of the zero line. However the TAFTS measurements do 
suggest a steady rise in percentage continuum adjustment from -2.3 % at 350 cm
-1
 to +12.6 % 
at 500 cm
-1
. The standard deviation of the suggested percentage continuum adjustment values 
is 13.4 %, meaning that all the suggested changes are within one standard deviation from 0 % 
adjustment. Thus it can be concluded that the results from this case study presented are in 
agreement with the current MT-CKD 2.5 foreign-broadened continuum values. 
 
Figure 5.7: Percentage adjustments to the continuum model as calculated from TAFTS 
radiances recorded during the 1333 UTC radiosonde launch. The dashed red line through 
these points is a linear fit to these data, weighted for the uncertainties. 
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Table 5.1: Continuum strengths for each micro-window alongside the associated uncertainty 
as derived in this study 
Microwindow centre 
wavenumber cm
-1
 
Suggested change in 
continuum absorption 
strength % 
Suggested continuum 
absorption strength  
Cf (cm
2 
mol
-1
(cm
-1
)
-1
)× 10
-24 
365.4 -1 ± 7 0.457 ± 0.030 
379.8 -35 ± 20 0.233 ± 0.046 
381.8 -5 ± 14 0.326 ± 0.045 
388.5 +2 ± 8 0.301 ± 0.023 
390.9 +3 ± 7 0.288 ± 0.020 
403.4 +6 ± 7 0.241 ± 0.017 
408.9 +1 ± 6 0.207 ± 0.013 
411.0 -4 ± 7 0.189 ± 0.014 
433.4 +12 ± 14 0.152 ± 0.021 
438.2 -29 ± 26 0.090 ± 0.024 
448.7 +19 ± 11 0.127 ± 0.013 
464.8 +3 ± 19 0.085 ± 0.016 
478.5 -4 ± 23 0.066 ± 0.015 
488.0 +17 ± 23 0.069 ± 0.016 
497.0 -7 ± 34 0.048 ± 0.016 
 
In Figure 5.8, the continuum strengths determined from these measurements are presented 
alongside studies by Green et al. [2012] and Liuzzi et al. [ 2014]. The MT-CKD 2.5 [Mlawer 
et al., 2012], which is based on the study by Delamere et al. [2010], is also shown for 
comparison. Figure 5.8 shows that this study is in general agreement with MT-CKD 2.5 (and 
therefore with Delamere et al. [2010]) within uncertainties, with only the points at 380 and 
438 cm
-1
 having error bars outside of the MT-CKD line. A possible explanation for this is the 
higher resolution of the TAFTS instrument resolving the microwindows to a greater depth, 
and that this mismatch is caused by an error in a spectroscopic parameter (i.e. width) of a line 
near these locations. However it must also be considered that this study is based only on a 
single case, and therefore has uncertainties due to the limited averaging that is possible. An 
error in the line parameterisation would be evident in other studies with different 
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thermodynamic conditions, and requires further study to unequivocally determine the source 
of the residuals seen.  
Green et al. [2012] used measurements recorded by TAFTS and concluded that for the region 
above 300 cm
-1
, the current MT-CKD 2.5 parameterization was correct. The results presented 
here corroborate this where the wavenumber range overlaps (360-420 cm
-1
), but includes 
measurements at greater wavenumbers, thus extending the wavenumber range at which MT-
CKD 2.5 has been studied by TAFTS to 500 cm
-1
. It can be seen that in the window at 380 
cm
-1
, the study by Green et al. agrees with this study in indicating a lower radiance than MT-
CKD 2.5, thus increasing the possibility that the TAFTS instrument is resolving this 
microwindow to a greater depth and highlighting a line width parameterisation error.  The 
work by Liuzzi et al. [2014] was recorded by the Radiation Explorer in the Far InfraRed – 
Prototype for Applications and Development (REFIR-PAD) instrument [Bianchini and 
Palchetti, 2008] during deployment in Antarctica, and consists of three sets of continuum 
coefficient retrievals; two using LBLRTM 12.2, AER 3.2 and MT-CKD 2.5.2 (named 
REFIR-L, summer and winter conditions) and one using a different water vapour line 
compilation from HITRAN 2012 [Rothman et al., 2013] (named REFIR-H). The version of 
continuum coefficients shown in Figure 5.8 is the winter REFIR-L, as this provides the most 
similar atmospheric conditions to those at RHUBC, and also has been performed using the 
same simulation models as this study. It should be noted that the TAFTS data is plotted only 
for the microwindow regions, whereas the REFIR-L values are at more regular wavenumber 
intervals and thus take into account both line and continuum absorption contributions.  The 
conclusions of Liuzzi et al. [2014] validated the current MT-CKD 2.5 model in the region 
350-590 cm
-1
, and justified the adjustment [Delamere et al., 2010] of the water vapour line 
widths in the region 350-600 cm
-1
, which have been implemented in AER 3.2. The results of 
this study are in agreement with those of Liuzzi et al., and thus provide a further verification 
of MT-CKD 2.5 in this spectral region. 
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Figure 5.8: A comparison of the MT-CKD continuum model with the results of studies by 
Green et al. [2012], Liuzzi et al.  2014] and this study. 
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5.5 Summary and conclusions 
This chapter has described the analysis of TAFTS data recorded during the RHUBC 
campaign in March 2007. During RHUBC, high resolution far-infrared spectra were 
measured simultaneously and independently by two different spectrometers - the TAFTS and 
AERI-ER instruments. Co-incidental spectra were compared and the two instruments were 
found to show good agreement within the overlap (400-550 cm
-1
) in their measurement 
ranges. This allows a greater confidence in future results from both instruments.  
Also presented is a case study of far-infrared atmospheric radiances measured by the TAFTS 
instrument during RHUBC. Using these, together with recorded atmospheric profiles, the 
current parameterization of the water vapour continuum, MT-CKD 2.5, has been tested at 
wavenumbers between 350 and 500 cm
-1
. Derived continuum coefficients from the measured 
TAFTS radiances show agreement with both simulated spectra and previous studies, 
including that upon which the current MT-CKD parameterization is based [Delamere et al., 
2010]. This study thus demonstrates that the current MT-CKD 2.5 model continuum values 
can be used to accurately simulate radiances at wavenumbers 350-500 cm
-1
, and adds to 
validation in this region from other locations [Green et al., 2012; Liuzzi et al., 2014].  
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6 Studies of the sensitivity of cirrus scattering 
models to changes in cloud properties 
As described in §4.4, in order to perform simulations of radiative transfer in a cloudy 
atmosphere, a database of single scattering parameters must be used to account for the 
scattering and absorption of radiation by the ice particles within the cloud. The ability of the 
radiative transfer model to accurately simulate cloud radiances relies heavily upon the 
scattering database used. In this work, the scattering databases used are those developed by 
Baum et al. [2014]  (described fully in §4.6). 
In §7 of this thesis, these scattering databases are used to simulate cloudy radiances which are 
then compared to airborne radiation observations taken above cirrus. Variations between 
observed and simulated radiances are likely to be caused by changes in the underlying cloud 
properties, which are used as an input to the model. Thus, in order to assess the sensitivity to 
changes in the microphysical properties across the MIR and FIR spectral regions, this chapter 
describes simulations performed using the LBLDIS radiative transfer code, incorporating the 
Baum et al. scattering databases, at varying values of both effective radius and cloud optical 
thickness. These simulations are performed in the MIR and FIR spectral regions, 
corresponding to the ARIES and TAFTS LW and SW channels.  
As well as investigating the effect of changing particle size and cloud optical depth, the 
simulations were performed using the three different Baum scattering parameter databases 
(General Habit Mix GHM, Aggregated Solid Columns ASC, and Single Columns only SC) in 
order to assess to sensitivity to particle habit. 
For all simulations, the cloud height, cloud geometric thickness, and observer height were 
fixed. For the simulations of varying optical thickness, the particle effective diameter was 
held at a value of 35 μm, and for the simulations of varying particle effective diameter the 
optical thickness was held at a value of 4 (for a wavelength of 355 nm). 
 The results of these simulations are shown in Figure 6.1 (ARIES LW channel, varying 
optical thickness), Figure 6.2 (ARIES LW channel, varying particle effective diameter), 
Figure 6.3 (ARIES SW channel, varying optical thickness), Figure 6.4 (ARIES SW channel, 
varying particle effective diameter), Figure 6.5 (TAFTS LW channel, varying optical 
thickness), Figure 6.6 (TAFTS LW channel, varying particle effective diameter), Figure 6.7 
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(TAFTS SW channel, varying optical thickness), and Figure 6.8 (TAFTS SW channel, 
varying particle effective diameter).  
 
Figure 6.1: ARIES LW channel simulations of varying cloud optical thickness performed 
using the (a) GHM; (b) ASC; (c) SC scattering database. The cloud particle effective radius 
is held fixed at 35 μm for all simulations. 
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Figure 6.2: ARIES LW channel simulations of varying cloud particle effective radius 
performed using the (a) GHM; (b) ASC; (c) SC scattering database. The cloud optical 
thickness is held fixed at 4 for all simulations. 
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Figure 6.3: ARIES SW channel simulations of varying cloud optical thickness performed 
using the (a) GHM; (b) ASC; (c) SC scattering database. The cloud particle effective radius 
is held fixed at 35 μm for all simulations. 
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Figure 6.4: ARIES SW channel simulations of varying cloud particle effective radius 
performed using the (a) GHM; (b) ASC; (c) SC scattering database. The cloud optical 
thickness is held fixed at 4 for all simulations. 
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Figure 6.5: TAFTS LW channel simulations of varying cloud optical thickness performed 
using the (a) GHM; (b) ASC; (c) SC scattering database. The cloud particle effective radius 
is held fixed at 35 μm for all simulations. 
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Figure 6.6: TAFTS LW channel simulations of varying cloud particle effective radius 
performed using the (a) GHM; (b) ASC; (c) SC scattering database. The cloud optical 
thickness is held fixed at 4 for all simulations. 
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Figure 6.7: TAFTS SW channel simulations of varying cloud optical thickness performed 
using the (a) GHM; (b) ASC; (c) SC scattering database. The cloud particle effective radius 
is held fixed at 35 μm for all simulations. 
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Figure 6.8: TAFTS SW channel simulations of varying cloud particle effective radius 
performed using the (a) GHM; (b) ASC; (c) SC scattering database. The cloud optical 
thickness is held fixed at 4 for all simulations. 
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The results of the sensitivity studies will be discussed for each wavenumber region in turn. 
6.1.1 ARIES LW channel (550-1400 cm-1) 
The effect of increasing the cloud optical thickness in this region is to lower the brightness 
temperature of the spectra, except in the CO2 band centred at 667 cm
-1
. Changing the 
scattering database does not have any effect on the simulated spectra.  
Altering the cloud particle effective radius produces an effect in the window region 750-1250 
cm
-1
. Between 1000-1250 cm
-1
 the effect is to lower the brightness temperature as the particle 
size is increased. However in the region 750 – 950 cm-1, changes in particle size affect the 
angle of the slope of the window. This is a well-known effect, with smaller particles causing 
a sharper slope than larger particles [Bantges et al., 1999; Chung et al., 2000], and is due to a 
greater absorption of radiation at 750 cm
-1
 by smaller particles than by larger ones. 
There is sensitivity to the choice of habit database in this region, as the three databases vary 
in the angle of the BT slope in the window region. This is due to the varying shapes of the ice 
crystals in each database which have different scattering and absorption properties. 
6.1.2 ARIES SW channel (1800-2300 cm-1) 
As in the ARIES LW region, increasing the cloud optical depth lowers the brightness 
temperature over the entire spectral region. There is no observable sensitivity to scattering 
database. 
Increasing the particle effective radius results in a slightly lower brightness temperature 
within the microwindows in the region. There is no observable sensitivity to scattering 
database. 
6.1.3 TAFTS LW channel (100-320 cm-1) 
Increasing the cloud optical thickness lowers the brightness temperature in the microwindows 
between spectral lines in the TAFTS LW channel region. However, this effect is not seen at 
the lowest wavenumbers, only becoming visible at 140 cm
-1
 and then having an increasing 
effect at increasing wavenumbers. Changing the scattering database does not have any effect. 
The TAFTS LW channel does not exhibit any sensitivity to the particle effective radius, as in 
this region the simulations are all overlying each other. There is also no sensitivity to 
scattering database. 
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The lack of sensitivity to changes in cloud properties in this region is likely to be caused by 
the strong absorption by water vapour at these wavenumbers, which has the effect of 
saturating the brightness temperature. 
6.1.4 TAFTS SW channel (320-580 cm-1) 
The TAFTS SW region shows a similar sensitivity to changing optical thickness as the other 
regions, i.e. increasing the optical thickness lowers the brightness temperature of the 
simulated spectra in the microwindow regions. However in this region the choice of 
scattering database does have an effect. For all databases, the suppression of the brightness 
temperature increases in the region 350-500 cm
-1
, with the lowest values at wavenumbers 
around 400 cm
-1
, but this effect is seen the most when using the ASC database, with the 
GHM database having the smallest effect. 
Similarly, although decreasing the particle effective radius results in a lowering of the 
brightness temperature in all of the microwindow regions, the effect increases in the region 
350-500 cm
-1
, with the lowest values at wavenumbers around 400 cm
-1
. Again, this effect is 
seen most strongly in simulations using the ASC database, and the least when using the GHM 
database. 
These results suggest that at wavenumbers from 300-550 cm
-1
, the scattering parameters used 
in the Baum databases are exhibiting interesting behaviour and that this occurs most strongly 
in the ASC database. This can be investigated by plotting the scattering parameters in this 
region for varying values of particle effective radius to see how they change. Figure 6.9 
shows the variation of the asymmetry parameter 𝑔 with wavenumber for the (a) GHM; (c) 
ASC; and (e) SC databases, and the variation of the single scattering albedo 𝜔0  with 
wavenumber for the (b) GHM; (d) ASC; and (f) SC databases. Figure 6.9 shows that around 
the wavenumber region of interest centred approximately at 400 cm
-1
, the scattering 
parameters show a pattern of reducing asymmetry parameter and increasing single scattering 
albedo as the effective particle size decreases.  
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Figure 6.9: The variation of the asymmetry parameter 𝑔 with wavenumber for the (a) GHM; 
(c) ASC; and (e) SC databases, and the variation of the single scattering albedo 𝜔0 with 
wavenumber for the (b) GHM; (d) ASC; and (f) SC databases. The dashed line is to allow 
easier comparison. 
The increase in single scattering albedo can be explained by the decrease in ice absorption in 
this region (see Figure 7.6), as single scattering albedo is equal to the ratio of the scattering 
and extinction cross sections, and thus would increase as absorption decreases. This effect is 
stronger with smaller particles as smaller particles absorb more strongly than larger particles. 
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The asymmetry parameter defines the amount of radiation that is scattered in the forward 
direction i.e. for 𝑔 = 1 all radiation is scattered forwards, for 𝑔 = −1 all radiation is back-
scattered, and for 𝑔 = 0, the radiation is scattered isotropically. The reduction in 𝑔 around 
400 cm
-1
 would result in less radiation being forward scattered i.e. towards the detectors of a 
nadir facing instrument. This would cause the reduction in brightness temperature observed 
in the sensitivity studies shown in Figure 6.8, especially given the greater contribution of 
scattering shown by the increase in 𝜔0. The dashed lines plotted on Figure 6.9 allow easier 
comparison between the scattering databases, and show that these effects are stronger in the 
ASC database, which is consistent with the changes shown in Figure 6.8. 
6.2 Summary and conclusions 
Studies were performed to assess the sensitivity of the various spectral regions to changes in 
the cirrus properties. It was found that the optical thickness of the cloud affected the 
brightness temperature observed in the window regions across the spectrum, with the least 
changes seen in the TAFTS LW channel. An increase in the cloud particle size generally 
resulted in lower brightness temperatures within the window regions, with the most 
noticeable effect in the window 750 – 950 cm-1, where changes in particle size affect the 
angle of the slope of the window. The TAFTS LW channel did not exhibit any sensitivity to 
changes in the particle size, and was only sensitive to changes in cloud optical thickness at 
wavenumbers above 200 cm
-1
. This may be due to the high water vapour absorption in the 
FIR saturating the brightness temperature at these longer wavelengths. The TAFTS SW 
channel showed the most sensitivity to changes in particle effective radius, with all databases 
giving a lowering of the brightness temperature with decreasing particle size, especially  in 
the region 350-500 cm
-1
, with the lowest values at wavenumbers around 400 cm
-1
. This effect 
is seen most strongly in simulations using the ASC database, and the least when using the 
GHM database. Thus the underlying single scattering parameters for the three databases were 
examined in this region, and it was found that the suppression of the brightness temperature is 
likely to be caused by a decrease in the asymmetry parameter in this wavenumber region, and 
that this decrease is greatest in the ASC scattering database. 
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7 Aircraft-based observations of cirrus mid- and 
far-infrared radiative signatures during 
CIRCCREX-I 
This chapter reports the results of a case study using TAFTS to take FIR spectral radiance 
measurements in the presence of cirrus. These measurements were recorded during the first 
phase of the Cirrus Coupled Cloud-Radiation Experiment (CIRCCREX), which was an 
aircraft campaign based out of Prestwick, Scotland, in November 2013. The author, along 
with J. E. Murray of Imperial College London, was directly responsible for pre-flight 
preparation and in-flight operation of the TAFTS instrument during CIRCCREX.  This 
chapter begins with an introduction to the campaign and its aims, and the particular flight 
which was used for analysis of cirrus radiative signatures. The different instrumentation and 
their data are then described, and this data is then applied to several studies. Firstly a method 
of using ARIES spectra to retrieve the properties of the cirrus is described and compared with 
a method of obtaining properties from cloud probe in-situ measurements. Simultaneous MIR 
and FIR spectral observations are then used to test the performance of state-of-the-art ice 
crystal scattering models, and to validate their consistency across the infrared region.  
7.1 Introduction 
As discussed in §2.3, the net radiative effect of cirrus, whether it warms or cools the Earth’s 
surface, depends on its microphysical properties, vertical position and extent, and 
geographical location. Key microphysical parameters include ice crystal habit, crystal size 
distribution [Zhang et al., 1999] and morphology such as aggregation, roughness and 
concavity [Baran, 2012; Yang et al., 2012; Baum et al., 2014]. However, these parameters are 
extremely variable in both time and space, and are dependent on the changes in temperature, 
RH and meteorological environment the cloud experiences [Yang et al., 2012].  If this 
relationship between radiative and microphysical properties is to be exploited in GCM and 
NWP models, it is vital that the radiative effect of cirrus can be accurately predicted – this is 
reliant on knowledge of cirrus optical properties which are currently poorly constrained 
[Baran, 2012]. Several cirrus bulk scattering and absorption models have been developed 
using in-situ observations and databases of ice single scattering properties (SSPs), which aim 
to include realistic physical representations of the ice crystals found in nature, including 
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habit, aggregation and roughness e.g. [Yang et al., 2008, 2012; Baran et al., 2014; Baum et 
al., 2014]. 
These cirrus models require validation across the electromagnetic spectrum by comparing 
modelled spectra with observations, and studies of model consistency in the solar and MIR 
[Baran and Francis, 2004; Baum et al., 2014] have shown good agreement in these regions. 
However, studies have indicated that information concerning cirrus optical properties may 
theoretically be derived from FIR observations [Maestri and Rizzi, 2003; Baran, 2005, 2007] 
because of the sensitivity of radiation to ice crystal optical properties in this region. This FIR 
sensitivity results from the substantial variation of the real and imaginary refractive indices of 
water and ice in the FIR [Downing and Williams, 1975; Warren, 1984; Warren and Brandt, 
2008], and suggests that SSPs that are valid for the MIR may not be correct for the FIR.  
Cox et al. [2010] presented aircraft observations of MIR and FIR spectra in the presence of 
cirrus, and concluded that simulations are not able to consistently reproduce observed 
spectral radiances across the infrared, and are particularly poor in the region 330-600 cm
-1
. 
This study did not have an in-situ cloud probe capable of measuring small (< 100 μm) ice 
crystals, and so the contribution from small crystals in the cirrus PSD was estimated 
iteratively [Cox et al., 2010]. Studies of FIR spectral radiance observations of tropical cirrus 
reported by Humpage [2010] during the EMERALD-II campaign also found that small ice 
crystals were not being correctly counted during in-situ measurements and that in order to 
gain the best agreement between observations and simulations, the small crystal 
concentrations in the measured PSD needed to be reduced by 66%. This was due to shattering 
effects on the in-situ probes artificially increasing the number of counted small ice crystals 
[Humpage, 2010]. These results suggest that the problem of accurately measuring the number 
of in-situ small ice crystals is of great importance in the simulation of cirrus radiative 
signatures. 
Work by Maestri et al. [2014] analysed downwelling FIR spectral radiances in the presence 
of cirrus recorded by the REFIR-PAD instrument at a ground-based site.  They used retrieved 
cloud properties to simulate radiances in the region 250-1100 cm
-1
 and found excellent 
observation-simulation agreement in the mid-infrared window, but large residuals in the FIR. 
This study demonstrated that a ‘view-from-above’ (satellite or aircraft) experimental 
configuration would be of great advantage to the study of FIR cirrus optical properties 
[Maestri et al., 2014], and indeed, aircraft campaigns are ideal for performing model 
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validation exercises as the radiative signature of the clouds can be recorded closely in time 
with the cloud microphysics, allowing them to be directly linked [Baran and Francis, 2004; 
Maestri, 2005].  
Presented here is an analysis of coincident upwelling radiation recorded above cirrus in both 
the FIR and MIR spectral regions during the first stage of the Cirrus Coupled Cloud-
Radiation Experiment (CIRCCREX), a flight campaign out of Prestwick airport, Scotland, 
during November and December 2013. For CIRCCREX, the UK Facility for Airborne 
Atmospheric Measurements (FAAM) BAe-146 aircraft was fitted with a suite of atmospheric 
temperature and relative humidity (T and RH) measurement instruments, state-of-the-art 
cloud probes and radiometers.  The radiative measurements were made by the Imperial 
College Tropospheric Airborne Fourier Transform Spectrometer (TAFTS, [Canas et al., 
1997]) in the FIR, and the UK Met Office Airborne Research Interferometer Evaluation 
System (ARIES, [Wilson et al., 1999]) in the MIR, both flying aboard FAAM. This first 
phase of CIRCCREX was intended as preparation for the second phase which was due to take 
place in Goose Bay, Canada, in March 2014 (this phase was later postponed). Hence, many 
of the flights from this first phase did not produce any useful data, due to issues with 
performance of instruments and a lack of suitable cirrus flying conditions. The best case 
study flight, B818, which is analysed here, took place on the 29
th
 November 2013. Flight 
B818 was located over the sea to the west of Scotland, and measurements of both the 
radiative signature of cirrus, and in-situ cirrus properties such as ice particle size distribution 
were recorded. This work uses the B818 case study to simulate FIR TAFTS and MIR ARIES 
spectra and assess the performance of the bulk cirrus scattering and absorption models 
developed by Baum et al. [2014] at reproducing radiance observations across the infrared 
spectral region. 
The flight plan of B818 was designed to include characterisation of the atmospheric profile 
below the cirrus layer, in-situ cirrus microphysics measurements within the cloud, and 
radiative observations below and above the cirrus layer. Thus it comprised several horizontal 
runs, vertical aircraft profiles and dropsonde releases, as shown in the flight track in Figure 
7.1. The main issue with this case study was the rapidly evolving weather system present. 
The flight was planned with reference to the cloud forecast model provided by the UKMO 36 
hours beforehand, which indicated that a band of high cirrus cloud was advancing towards 
the flight area from the north-west (see Figure 7.2). However during the flight, it was found 
that the weather system was moving much more rapidly than expected, and the cirrus was 
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quite tenuous and patchy. Figure 7.3 shows images from the SEVIRI satellite instrument 
taken at 1130, 1145, 1200 and 1215 UTC, which highlight the speed of the changing 
conditions, and show that the band of cirrus has already moved south-east compared to the 
cloud forecast for 1200 UTC (Figure 7.2). The red dot in Figure 7.3 indicates the location of 
the aircraft.  Figure 7.4 shows an image from the MODIS instrument onboard the NASA 
Terra satellite, which overflew the scene at 1200 UTC. This image clearly shows the tenuous 
and patchy nature of the cirrus in the observation area, whereas the more uniform cirrus has 
already moved south-east. Figure 7.5 shows measurements from the Lidar onboard the 
aircraft, which was used to identify layers of cirrus below the flight level. The Lidar 
observations show that the cirrus is not homogeneous and that there is low cloud present 
beneath the cirrus, which adds to the complexity of the case. Despite these difficulties, this 
flight proved to be a useful study of the cirrus radiative signature across the infrared due to 
the simultaneous observations made by the TAFTS and ARIES instruments.  
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Figure 7.1: A plot of the flight track of the FAAM aircraft during B818 on the 29
th
 November  
 
Figure 7.2: UKMO cloud forecast model for 1200 UTC on the 29th November 2013. Cirrus 
is indicated in turquoise, and cirrus with underlying low cloud in green. Image courtesy 
UKMO. 
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Figure 7.3: 10.8 μm inverted BT scale images from SEVIRI taken at (a) 1130 UTC; (b) 1145 
UTC; (c) 1200 UTC; (d) 1215 UTC showing the band of cirrus cloud that was sampled 
during flight B818. The red dot shows the location of the aircraft in each image. 
 
133 
 
Figure 7.4: MODIS level 1b scene from the MODIS Terra overpass, 1200 UTC, 29/11/13, 
showing the cirrus conditions in the measurement area.  Source: NASA  [2014]. 
 
Figure 7.5: The Lidar observations for the B818 flight, showing the position of clouds. Cirrus 
can be seen above approx. 7000m, with underlying low cloud at around 2000m. Image 
courtesy F. Marenco, UKMO. 
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7.2 Spectral radiance measurements 
The analysis presented in this chapter focuses on the radiance measurements taken with the 
TAFTS and ARIES instruments (see §3.2 and §3.4). Firstly, a method of determining the 
presence of cirrus using the ARIES brightness temperature differences is shown, followed by 
a comparison of recorded spectra to radiances simulated using the LBLDIS model and the 
scattering databases described in §4.6.3. The ARIES data used in this work was provided by 
the UK Met Office. 
7.2.1 Tri-spectral algorithm analysis of ARIES spectra 
In order to accurately assess the radiative effect of cirrus, it must be ascertained that the 
measured spectra are indeed from a scene including cirrus. As the cirrus present in B818 was 
patchy, and the initial Lidar data was integrated over 1 minute time periods, it was difficult to 
be sure of the presence of cirrus in each individual radiometer scan.  A methodology taking 
advantage of the spectral signature of cirrus can be used to check for evidence of cirrus in the 
recorded spectra. This method is the TriSpectral infrared band Algorithm (TSA) suggested by 
Ackerman et al. [1990] and Strabala et al. [1994]. The TSA relies on the difference in the 
scattering properties of ice and water droplets, and is thus able to discriminate between 
clouds composed of water or of ice. 
Single scattering properties of cloud particles are determined by the complex index of 
refraction (𝑚 = 𝑚𝑟 − 𝑖 𝑚𝑖), along with the distribution of particle sizes and shapes. The 
imaginary part of this index of refraction is related to the absorption coefficient 𝜅 and the 
wavelength of the absorbed radiation by equation 7.1, which indicates that the magnitude of 
the absorption at each wavelength can be estimated by the value of  𝑚𝑖 . The real and 
imaginary parts of 𝑚 for ice and water are shown in Figure 7.6 for wavelengths between 7-
200 μm (50-1500 cm-1), where the values for water are taken from Downing and Williams 
[1975], and the values for ice are taken from Warren [1984] with IR updates from Warren 
and Brandt  [2008]. 
                       
𝜅 =
4𝜋 𝑚𝑖
𝜆
 
7.1 
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Figure 7.6: The (a) real; and (b) imaginary component of the complex index of refraction for 
ice and water. The windows used in the tri-spectral analysis are indicated by blue and purple 
lines. 
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From Figure 7.6 (b) it can be seen that the magnitude of 𝑚𝑖 for water and ice are comparable 
between 7 and 10 μm, but then diverge at longer wavelengths, with ice having a higher value 
between 10 and 13 μm. This means that if an ice cloud and a water cloud were to have the 
same temperature, with similar particle size and shape distributions,  the two clouds would 
have similar radiances at 8.3 μm (1200 cm-1), but different radiances at 11 and 12 μm, as the 
ice cloud would absorb more radiation. It is this difference in absorption that forms the basis 
of the TSA to infer cloud thermodynamic phase. Strabala et al. [1994] demonstrated that a 
plot of Brightness Temperature Differences (BTD) between 8.3 and 11 μm [BTD(8.3-11μm)] 
against BTD between 11 and 12 μm [BTD(11-12μm)] would show a separation between the 
radiances of ice and water clouds. Ice clouds tend to have greater values of BTD(8.3-11μm) 
than BTD(11-12μm), whereas for water clouds the inverse tend to be true. This results in a 
distinctive ‘slope’ in BT across the window 10-13 μm that is indicative of the presence of 
cirrus (see e.g. Figure 7.9, Figure 7.10). 
This analysis was performed on the individual ARIES LW UW spectra recorded during 
CIRCCREX flight B818 in order to identify those scenes which contained cirrus. The 
resulting TSA plot is shown in Figure 7.7, where each cross represents the tri-spectral 
differences for one individual spectrum. 
 
Figure 7.7: B818 ARIES UW tri-spectral differences. Points that meet the cirrus threshold of 
BTD(8.3-11μm) > 0.4K are shown in red. 
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Figure 7.7 shows two distinct clusters of points. Following the analysis of Strabala et al. 
[1994], it was proposed that any points with a BTD(8.3-11μm) greater than a threshold of 0.4 
K (indicated in red in Figure 7.7) were assumed to be from views containing cirrus. This 
threshold will vary from instrument to instrument, however 0.4 K is an adequate threshold to 
use in this work, as the points in Figure 7.7 clearly separate into two groupings above and 
below this value. Thus, the spectra which meet this threshold were selected for further 
analysis. 
Figure 7.8 shows a plot of BTD(8.3-11μm) against time for B818, again with spectra which 
meet the 0.4 K threshold indicated in red. Superimposed on the plot is the flight Outside Air 
Temperature (OAT), which can be used as a proxy for aircraft altitude i.e. a lower 
temperature would correspond to a higher altitude. Figure 7.8 shows that cirrus was observed 
at high aircraft altitudes in three sections of the flight, with the largest section of observed 
cirrus between 11:34:03 and 11:52:43 UTC. This can be compared with the Lidar 
measurements for the flight (shown in Figure 7.5), which indicate the presence of high cloud 
at the time suggested by the TSA, thus adding confidence that this section was indeed 
viewing cirrus. The following analysis concentrates on the section 11:34:03 and 11:52:43 
UTC of the flight, hereafter referred to as the ‘cirrus section’. 
 
Figure 7.8: B818 BTD(8.3-11μm) against time, showing where in the flight cirrus was 
encountered. Points meeting the cirrus threshold are shown in red. The aircraft OAT is 
overplotted in orange 
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7.2.2 MIR and FIR spectra recorded in the presence of cirrus 
Once the scenes where cirrus was present had been identified, the radiance measurements 
from these times were selected for analysis. As mentioned earlier, TAFTS and ARIES are 
both capable of viewing both nadir and zenith scenes. However, as TAFTS and ARIES are 
operated independently, their views do not always coincide. Thus, radiance spectra were 
selected for optical coincidence of the radiometers, which reduced the data available for 
analysis to only three sets of coincident TAFTS/ARIES views. The individual ARIES LW 
spectra from these three times are shown in Figure 7.9, where the relative scan number is 
denoted by a colour bar which varies temporally from black to red. Figure 7.9 shows that the 
spectra are variable over all of the measurement time periods, but in the time 11:39:13-
11:39:50 UTC (shown in panel (a) of Figure 7.9), the variation shown is a smooth increase in 
brightness temperature with time in the window region 750-1200 cm
-1
, implying that the 
changes in cloud properties are changing more uniformly in time, allowing an easier analysis 
of how these changes affect the radiative signature. Additionally, the other two datasets 
shown in panel (b) and (c) of Figure 7.9 were recorded during the aircraft orbits, where the 
increased vibration affected the TAFTS data (see §3.2.5). Ultimately, only the dataset 
consisting of coincident TAFTS and ARIES nadir view scans above cirrus, recorded over the 
time period 11:39:16-11:39:45 UTC, was selected for calibration and analysis. 
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Figure 7.9: ARIES LW individual spectra recorded during the three time periods of 
coincidental TAFTS and ARIES views, showing the variation in brightness temperatures over 
the measurement time. 
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Over the chosen measurement time 11:39:16-11:39:45 UTC, the brightness temperature of 
the observed ARIES spectra increases. This increase may be caused by a change in cloud top 
height and/or changes in the underlying cloud microphysical properties. In order to more 
easily analyse these changes in cloud properties, and allow a reasonable sensitivity to 
changes, the ARIES spectra from this time period have been averaged across BT 2K bins in 
the window region 8.3-8.4 μm / 1190-1205 cm-1, resulting in three sets of averaged spectra, 
called ARIES_0, ARIES_1 and ARIES_2, which are plotted for the LW and SW channels in 
Figure 7.10. A breakdown of the ARIES scans included in each average is given in Table 7.1, 
where the averages ARIES_0, ARIES_1, and ARIES_2 correspond to the black, blue and 
orange lines respectively in Figure 7.10. 
Table 7.1: Information on the spectra included in each ARIES 2K average 
Average BT bin range 
(K) 
Number of averaged 
ARIES spectra 
Measurement time (UTC)  of 
averaged ARIES spectra 
ARIES_0 248 ≤ T < 250 12 11:39:16 - 11:39:21 
ARIES_1 250 ≤ T < 252 33 11:39:21 - 11:39:36 
ARIES_2 252 ≤ T < 254 15 11:39:36 - 11:39:45 
 
The corresponding TAFTS spectra (called TAFTS_0, TAFTS_1, and TAFTS_2), were 
recorded at the same times as the measurements shown in Table 7.1. These are plotted for the 
LW and SW channels in Figure 7.11, where again TAFTS_0, TAFTS_1, and TAFTS_2 
correspond to the black, blue and orange lines respectively.  The number of TAFTS spectra 
was significantly reduced during the calibration process, and ultimately only 5 individual 
spectra were of high enough quality to include in the analysis. Thus TAFTS_0 and TAFTS_2 
are each averages of two spectra, and TAFTS_1 is an individual spectrum.  
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Figure 7.10: The measured B818 ARIES (a) LW and (b) SW spectra for time 11:39:16-
11:39:45 UTC. The spectra are averaged over 2K brightness temperature bins in the window 
region 8.3-8.4 μm / 1190-1205 cm-1 
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Figure 7.11: The measured B818 TAFTS (a) LW and (b) SW spectra, that coincide with the 
2K averaged ARIES spectra plotted in Figure 7.10  
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Inspection of Figure 7.11 (a) suggests that the TAFTS LW channel is not sensitive to the 
changes in cloud properties for this case study, as the three sets of spectra are overlying. The 
LW channel also exhibits large spikes in the water vapour lines – this is caused by water 
vapour inside the pointing optics box of the instrument. Figure 7.11 (b) shows that the 
TAFTS SW channel exhibits sensitivity to changes in cloud properties within the spectral 
microwindows; however it does not always follow the same pattern as in the ARIES spectra. 
For example, in general the ARIES LW and SW spectra increase in brightness temperature 
sequentially in the window regions, with ARIES_0 having the lowest temperature and 
ARIES_2 the highest. This pattern is observed in the TAFTS SW spectra in the microwindow 
centred around 410 cm
-1
, however, in the microwindows between 350 and 400 cm
-1
, 
TAFTS_1 appears to have the highest brightness temperature. This may suggest something 
about the behaviour of the underlying microphysical cloud properties in the FIR spectral 
region; however it could be attributed to the noise level due to limited averaging of spectra.  
7.3 Auxiliary measurements 
This section presents the measurements recorded by instruments onboard the aircraft other 
than the radiometers, and outlines how they are used to constrain the atmospheric state and 
the properties of the cirrus. 
7.3.1 Atmospheric profiling 
An accurate picture of the atmospheric state is vital for radiative closure experiments such as 
CIRCCREX in order to obtain a reliable simulation  [Cox et al., 2010; Green et al., 2012]. 
The FAAM aircraft measures T and RH using the Rosemount Temperature Sensor [Stickney 
et al., 1994] and the General Eastern Hygrometer [General Eastern Instruments, 1987]. Also 
onboard is a Lidar [Marenco, 2010], which can be used to map the cloud extent and boundary 
variation, as well as independently constrain the cloud optical thickness. Profiling through 
and below the cloud is performed using dropsondes and the onboard Airborne Vertical 
Atmospheric Profiling System (AVAPS) [Vaisala, 1999].  
A composite atmospheric profile was constructed for use in the radiance simulation; a 
baseline profile of T, RH, and ozone concentration was obtained from the 1200 UTC 
European Centre for Medium-range Weather Forecasts (ECMWF) analysis, which provides 
profile information in the upper atmosphere beyond the range of in situ measurements. 
Superimposed on the ECMWF profile, where measurements were available, is the 
temperature and humidity data from the dropsonde released at 1101 UTC; this dropsonde was 
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the closest temporally to the cirrus measurements. The atmospheric measurements recorded 
by the Rosemount temperature probe and General Eastern Hygrometer as the plane made a 
profile ascent through the cirrus (called pro6) make up the profile nearest to the flight level. 
The profile sources, and a composite profile where the sources have been combined and 
smoothed, are shown in Figure 7.12. 
The dropsondes used during CIRCCREX are the Vaisala RD-94, which have a temperature 
and relative humidity measurement uncertainty of ±0.2 °C and ±2 %RH respectively 
[Vaisala, 2010a]. The Rosemount temperature probe has a calibration uncertainty of ±0.3 K 
[Stickney et al., 1994] , and the General Eastern Hygrometer measures frost point temperature 
with an uncertainty of  ±0.4 °C [General Eastern Instruments, 1987], from which the Volume 
Mixing Ratio (vmr) is calculated using measurements of pressure and OAT. This gives an 
uncertainty in vmr of ±0.2 %.  
Additionally, the variation of the atmosphere must be considered as a source of uncertainty 
on the profile. As the dropsonde measurements used in the composite profile were recorded 
approximately 40 minutes prior to the radiative measurements, an uncertainty has been 
assumed based on the variation between this 1101 UTC dropsonde and the previous one, 
released at 1006 UTC. It is reasonable to assume that the variation between these two 
dropsondes is similar to that between the 1101 sonde and the atmosphere at the time of the 
radiative measurements. The use of the profile uncertainties to calculate an equivalent 
radiance simulation uncertainty is discussed in §7.5. 
The concentration of atmospheric carbon dioxide was set to the value recorded at the Mauna 
Loa Observatory, Hawaii, which for November 2013 was 395.11 ppm. Concentrations of 
other atmospheric gases were taken from the standard MLW atmosphere [McClatchey et al., 
1972].  
 
145 
 
Figure 7.12: Sources of the atmospheric (a) temperature and (b) humidity profile used for 
simulating flight B818 atmospheric radiances; the final composite (c) temperature and (d) 
humidity profiles. The uncertainties on the composite temperature and humidity profiles are 
±0.3 K and ±2 % respectively from the instrumentation.  
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7.3.2 Cloud physics 
Several cloud physics instruments were flown during the CIRCCREX flight B818. This was 
to ensure that an accurate in-situ PSD could be calculated by measuring particles at as wide a 
size range as possible. The cloud probe instruments used to construct the PSD for flight B818 
were the FAAM 2-Dimensional Particle Size Spectrometer (2DC, [Knollenberg, 1970; 
Baumgardner and Korolev, 1997]), the University of Manchester 2-Dimensional Stereo 
Probe (2DS, [Lawson et al., 2006]) and the University of Hertfordshire Small Ice Detector 2 
(SID2 [Cotton et al., 2010]). The cloud physics instruments are mounted in pylons attached 
to the underside of the aircraft wings, as shown in Figure 7.13. As the aircraft moves forward, 
cloud particles are swept into the probe inlets where they are measured and analysed.   
 
Figure 7.13: A view of the cloud probe pylons attached to the underside of the aircraft wings 
The determination of the contribution of small ice particles to the PSD has been a large 
uncertainty in previous studies of cirrus radiative properties [Cox et al., 2010; Humpage, 
2010]. A major issue for most optical cloud probes is the effect of ice crystals shattering on 
the inlet as they are swept into the probe. This results in an over-counting of small particles 
and under-counting of larger particles, as the larger crystals get broken up into a number of 
smaller ones. This leads to large errors by both artificially increasing the variability of and 
skewing the form of the derived PSD [Field et al., 2006]. Work by Korolev et al. [2011] 
demonstrated that modifying the tips of the cloud probes can significantly reduce shattering 
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effects and therefore mitigate the level of PSD contamination by artificial small particles. The 
probes that were used in CIRCCREX were therefore fitted with anti-shattering ‘Korolev tips’ 
[Korolev, 2009], shown in Figure 7.14. In addition, post-processing of the data from the 
probes utilises an algorithm that identifies spurious particles using the interarrival times of 
the crystals and corrects the size distributions accordingly [Field et al., 2006]. 
 
Figure 7.14: (a) Original CIP tip design, showing how particles can shatter and ‘bounce’ 
into the sample volume; (b) Modified ‘Korolev tips’ which deflect shattered fragments away 
from the sample volume. Image credit: Droplet Measurement Technologies [2014]. 
7.4 Determination of cirrus properties 
In order to simulate radiances in the presence of cirrus using the scattering models described 
in §4.6, key physical properties of the cirrus need to be sampled. These are the particle size 
distribution (PSD) of the ice crystals making up the cloud, the geometric cloud height and 
thickness, and the cloud optical thickness. The PSD was measured using the cloud probes 
2DS, 2DC and SID2 as the aircraft flew in-situ through the cloud, and the height, thickness 
and optical thickness were determined using the onboard lidar. However, as the cirrus system 
was advecting and changing form rapidly, these microphysical measurements are not directly 
aligned with the radiative measurements, and thus may not exactly represent the scene 
viewed by the radiometers. Thus a secondary method of determining the cirrus properties was 
used; a bispectral retrieval technique using the ARIES spectra. This is valid for this work, as 
the spectra from which the properties are retrieved are from the well-studied MIR window 
region. By fixing the cirrus properties in the MIR, the consistency of the cirrus model can be 
tested when it is extended into the less well-understood FIR region. This also allows a useful 
comparison of the in-situ measurements to the retrieved properties, indicating the ability of 
the cloud probes to correctly measure small ice particles, which has been identified as a 
problematic area in previous studies e.g. [Cox et al., 2010; Humpage, 2010]. The cirrus 
properties deduced from both methods are described and compared below. 
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7.4.1 In-situ measurements of properties 
During the radiance measurements of the cirrus, the cloud probes did not register any cloud 
particles, as the plane was in clear sky above the cloud. However, the plane passed through 
the cirrus during three level runs after the radiance measurements, and the microphysics 
measurements from these are used to construct three PSDs for the cirrus at altitudes of 
8336m, 8018m and 7708m (these were during level runs 9, 10, and 11 respectively).  
Measurements from the SID2, 2DS and 2DC instruments are used to construct a composite 
PSD for each cirrus level by interpolating within their measurement ranges, as described 
more fully below. The uncertainty on the cloud probe measurements of particle counts are 
±25 % for the SID2 [Cotton et al., 2010], and a standard cloud probe uncertainty level of 
±20% was assumed for the 2DS and 2DC [I. Crawford and M. Gallagher, UoM, personal 
communication June 2014]. This was taken as an uncorrelated error on the particle count, 
which was then carried forwards into the calculations for the particle effective radius and 
IWC. 
Particle size measurements from the 2DC are considered unreliable for particles less than 100 
μm in diameter,  as laboratory measurements [Korolev et al., 1998; Strapp et al., 2001] have 
shown that large counting and sizing errors occur when particles pass outside the focal depth 
of field. In addition, counting and sizing errors occur due to the relatively slow time response 
of the 2DC, resulting from the finite time response of the photodiode array and first-stage 
amplifier [Lawson et al., 2006].  
 The 2DS probe is also prone to errors in characterizing small particles (<100 μm) due to its 
large photodetector widths (10 μm) [Cotton et al., 2010]. Measurements from the 2DS of 
particles smaller than 100 μm are classified as ‘small’ particles i.e. they may be ice crystals or 
water droplets, although given the temperatures recorded for the in-situ sampling in this 
work, and evidence from other instrumentation, it is reasonable to assume that these particles 
are indeed ice crystals. 
The SID2 instrument is a higher resolution instrument specifically designed to address these 
small particle issues: it has a measurement range of 3-140 μm, and can also discriminate 
between supercooled liquid drops and small ice particles [Cotton et al., 2010]. 
Initially the composite PSD bin widths are set to 20 μm over a range of 0-550 μm. For 
particles larger than 140 μm, the composite PSD is set to the average of the 2DC and 2DS 
values. This is reasonable as these two instruments show good agreement within uncertainties 
for this measurement range. For particles smaller than 140 μm the composite PSD value is set 
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to the average of the 2DS and SID2 instruments. These two instruments show good 
agreement for this range. During Run 11, the SID2 instrument encountered a fault; hence the 
number of SID2 measurements for this run are reduced. However, as the PSDs from the other 
two runs show that the SID2 instrument has reasonable agreement with the 2DS instrument, it 
can be assumed that the 2DS instrument is providing accurate values for the smaller particles. 
The PSDs recorded by each instrument, along with the composite PSD, are shown for each 
altitude level in Figure 7.15. 
The mean effective radius 𝑅𝑒 of the ice particles at each level was calculated from the PSDs 
using Equation 7.2 where 𝑉(𝐷𝑚), 〈𝐴(𝐷𝑚)〉  and 𝑛(𝐷𝑚)  are the volume, average cross-
sectional area and number concentration of ice particles at each maximum dimension 𝐷𝑚 
respectively [Baran, 2005]. 
 
𝑅𝑒 =  
3
4
  
∫ 𝑉(𝐷𝑚) 𝑛(𝐷𝑚) 𝑑𝐷𝑚
∫〈𝐴(𝐷𝑚)〉  𝑛(𝐷𝑚) 𝑑𝐷𝑚
 
7.2 
The measured PSDs can also be used to calculate the IWC for each layer using Equation 7.3, 
where the density of ice  𝜌𝑖𝑐𝑒 = 0.917 g cm
-3
 [Baum et al., 2014]. Information on the in-situ 
data from each measurement height, including the instrument uncertainty, is summarised in 
Table 7.2 
𝐼𝑊𝐶 = 𝜌𝑖𝑐𝑒 ∫ 𝑉(𝐷𝑚) 𝑛(𝐷𝑚) 𝑑𝐷𝑚 
7.3 
Table 7.2: Cloud characterisation at each in-situ measurement height 
Run Mean 
altitude (m) 
Mean OAT (K) Effective 
Radius (μm) 
IWC 
(g cm
-3
) 
9 8336 236.8 ± 0.03 38 ± 10 3.4 ± 0.9 
10 8018 238.7 ± 0.03 25 ± 6 3.0 ± 0.8 
11 7708 240.2 ± 0.03 22 ± 6 4.3 ± 1.1 
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Figure 7.15: PSDs of ice particles observed by the SID2, 2DC, and 2DS instruments, along 
with a composite PSD constructed by interpolation throughout the three instruments 
measurement ranges. Measurements were averaged along three level runs within the cirrus. 
The uncertainties shown on the composite profile are calculated from the uncertainties on the 
individual cloud probes. 
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The cloud height and geometric thickness can be estimated using the measurements from the 
nadir-viewing 355 nm Lidar onboard the aircraft. The Lidar allows the identification of 
different atmospheric layers below the aircraft (clear air, aerosols, clouds) and uses a 
depolarization channel to indicate the presence of non-spherical particles such as ice or 
volcanic ash [Marenco et al., 2011]. Figure 7.16 shows the Lidar observations from the B818 
cirrus section, with 2 second temporal resolution [Marenco and Hogan, 2011; Marenco et al., 
2011]. 
 
Figure 7.16: Lidar backscatter signal (top panel) and relative depolarisation ratio (lower 
panel) for the B818 cirrus section.  
Figure 7.16 shows that the cirrus was patchy and variable in thickness. As ice crystals are 
non-spherical, the depolarized channel is more suitable for retrieval of the cloud geometric 
thickness (F. Marenco, UKMO, personal communication). For the time of the radiance 
measurements being analysed, the cloud top is at approximately 8000±100 m, and the base at 
approximately 6500±100 m.  
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7.4.2 Retrieval of properties from ARIES spectra 
As the conditions during the flight were changing rapidly, recording both radiative and in-situ 
measurements of the same patch of cirrus was next to impossible. However, a method that 
has been previously used in studies to characterise cirrus is to retrieve the cloud properties 
from observed MIR spectra using a radiative transfer model [Yang, 2003; Garrett et al., 
2009; Wang et al., 2011; Baum et al., 2014]. The method uses a bispectral technique 
developed by Nakajima and King [1990], and relies on the differences in brightness 
temperature in two spectral bands, one of which is sensitive to cloud optical thickness and the 
other to effective particle size. For ice clouds, the spectral region 750 - 1100 cm
-1 
(10.0 - 13.3 
μm) has been shown to be sensitive to particle size [Bantges et al., 1999; Chung et al., 2000], 
and that the angle of the slope of this region, along with values from the wavelength band 
1070 – 1135 cm-1 (8.8 – 9.3 μm) can be used to infer optical thickness [Wei et al., 2004]. 
Studies utilising this technique have been performed using spectral measurements from the 
Atmospheric Infrared Sounder (AIRS) [Li et al., 2005], the High-Resolution Interferometer 
Sounder (HIS) [Huang et al., 2004], the MODIS Airborne Simulator (MAS) [Baum et al., 
2000], and the MODIS satellite instrument [Garrett et al., 2009]. Here, this bispectral method 
is applied to the ARIES LW channel observations using the brightness temperatures at bands 
centred on 8.3 and 11 μm (shown in Figure 7.6). 
Following the method outlined by Garrett et al. [2009], simulations were performed using the 
LBLDIS model and the three ice scattering databases from Baum et al. [2014] (described in 
§4.6) using varying values of particle effective radius (10-30 μm) and cloud optical thickness 
(τ = 5-7). This indicates how the bispectral differences vary as the cloud properties are 
changed, as well as differences between the three habit databases. The cloud geometric extent 
was fixed at 6500 - 8000 m as observed by the Lidar, and the optical thickness is defined at 
the wavelength of the Lidar, 355 nm. Bispectral plots for the three scattering databases are 
shown in Figure 7.17 with the ARIES B818 bispectral values overplotted as stars, where the 
colours black-red denote sequential spectra, and correspond to those spectra plotted in Figure 
7.9 (a). The B818 ARIES averaged spectra are overplotted as red triangles, and correspond to 
those spectra plotted in Figure 7.10 (a). As shown in Figure 7.10, the observed brightness 
temperature at 11μm increases with time for the individual spectra, and this corresponds to a 
decrease in optical thickness. The spread of values of effective radius stays relatively constant 
over the measurement time. 
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In Figure 7.17, the three plots show different bispectral values for the range of cloud optical 
thickness and particle effective radius, thus indicating that the three scattering databases give 
variations in brightness temperature for the same cloud properties. In order to identify those 
values of cloud properties that gave a simulated spectrum that best matched the three 
observed B818 ARIES spectral averages, the values for the cloud properties used in the 
simulation were varied in steps of 1μm for effective radius, and 0.1 for optical depth, until the 
residuals between the simulation and observations in the 8.3 and 11 μm brightness 
temperature bands were minimised. This was repeated for each of the three scattering 
databases. These retrieved properties are summarised in Table 7.3. The retrieved effective 
radius values are in general smaller than the measured in-situ values (which ranged from 22-
38 μm, with uncertainties up to ±10 μm), however they are within the range of the 
uncertainties. Differences are likely to be due to the fact that the in-situ measurements took 
place within a different section of the cirrus to that above which the radiance measurements 
were taken. This general agreement between in-situ and retrieved particle sizes may indicate 
that the cloud probes are accurately measuring the PSD, and the problem of undercounting 
small particles is reduced.  
Table 7.3: Cirrus properties from the three B818 ARIES spectral averages, retrieved using a 
RT model and the three different scattering databases of Baum et al. [2014] 
ARIES_0 
Scattering database Effective radius (μm) Optical Depth 
GHM 14 6.1 
ASC 10 6.4 
SC 12 5.8 
 
ARIES_1 
Scattering database Effective radius (μm) Optical Depth 
GHM 28 5.0 
ASC 18 5.1 
SC 22 4.7 
 
ARIES_2 
Scattering database Effective radius (μm) Optical Depth 
GHM 33 4.2 
ASC 24 4.2 
SC 27 3.9 
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Figure 7.17: Bi-spectral plots for the three Baum scattering databases showing how BTD 
vary with varying particle effective radius (r_eff) and cloud optical depth (𝜏). The bispectral 
values of the individual B818 ARIES spectra are overplotted as stars, where the colour black-
red denotes sequential scans (as in Figure 7.9 (a))  The 2K averaged ARIES spectra are 
overplotted as red triangles. 
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A further check of the in-situ measured and the retrieved properties can be performed using 
data from the MODIS instrument on the Terra platform, which overpassed the flight area at 
1200 UTC, around 20 minutes after the ARIES radiance measurements were performed. 
MODIS level 2 cloud products [King et al., 2003; Platnick et al., 2003] are shown in Figure 
7.18 (a) particle effective radius and (b) cloud optical thickness. These two figures show that 
effective radius was very variable, with values from around 20 – 40 μm, and that visible 
optical thickness was mostly < 10, with patches of underlying thicker cloud. 
 
Figure 7.18: MODIS Level 2 cloud product – (a) particle effective radius and (b) cloud 
optical thickness, from the MODIS Terra overpass, 1200 UTC, 29/11/13.  Source: NASA  
[2014]. 
 
156 
7.5 Results of modelling across the MIR and FIR 
The retrieved cirrus properties given in Table 7.3 were used to simulate the brightness 
temperature spectra in the other spectral regions for which we have observations – the 
TAFTS LW and SW channels, and the ARIES SW channel. This allows a test of whether the 
models are spectrally coherent i.e. are the models able to accurately simulate the changes 
observed in the BT across all observed spectral regions if the same cloud properties are used 
for all simulations. 
The simulations were performed using the Line by Line Radiative Transfer Model 
(LBLRTM, [Clough et al., 2005]) and the Line by Line Discrete Ordinates Radiative Transfer 
Model (LBLDIS, [Turner, 2005]), which were described in §4.3 and §4.5 respectively. As 
described earlier, LBLDIS requires an input parameter file giving details of the cloud height, 
thickness, particle effective radius, and optical thickness. The model then computes the 
scattering of the radiation as it passes through the cloud layer using a database of Single 
Scattering Parameters (SSPs). The databases used in this study are those developed by Baum 
et al. at the Space Science and Engineering Center of the University of Wisconsin-Madison 
[Baum et al., 2014], described fully in §4.6. They consist of sets of single scattering 
properties (SSPs), including the single scattering albedo 𝜔0, extinction coefficient 𝛽𝜐, and 
scattering phase function 𝑃(𝜃) for a wide wavelength range spanning the ultraviolet (UV) to 
the FIR. 
The uncertainties in the instrument measurements, as well as in the simulations, will now be 
considered. The uncertainties associated with the TAFTS and ARIES spectra due to the 
calibration, instrument noise and the standard deviation of the averaged spectra have been 
combined into a single instrument uncertainty. 
The uncertainties in the simulation come from several sources. Firstly, the errors on the 
measurements that were used to construct the atmospheric profile used in the radiative 
transfer modelling can be considered. For the dropsondes, temperature and relative humidity 
uncertainties are ±0.2 °C and ±2 %RH respectively [Vaisala, 2010a]. The aircraft Rosemount 
temperature probe has a calibration uncertainty of ±0.3 K [Stickney et al., 1994] , and the 
General Eastern Hygrometer gives a vmr measurement with an uncertainty of ±0.2 % 
[General Eastern Instruments, 1987].  However, a larger uncertainty in the profile comes 
from the variation of the atmosphere between the time of the dropsonde and the time of the 
radiance measurements. As discussed in §7.3.1, these were estimated to be similar to the 
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changes in the atmosphere between the dropsonde at 1006 UTC and 1101 UTC. In order to 
obtain the equivalent uncertainty in brightness temperature, simulations were performed at 
the maximum uncertainty levels of the profile, and the difference between this perturbed 
simulation and the original simulation taken as the brightness temperature uncertainty. 
The observed and simulated spectra for the averages ARIES_0 and TAFTS_0, for each of the 
three Baum scattering databases are shown in Figure 7.19– Figure 7.22. For brevity; the 
observed and simulated spectra for the other two averages are not discussed here as results 
are very similar for all three averages. 
For each of Figure 7.19– Figure 7.22, the observed spectra from the ARIES LW (Figure 
7.19), ARIES SW (Figure 7.20), TAFTS LW (Figure 7.21), and TAFTS SW (Figure 7.22), 
for averages ARIES_0 and TAFTS_0 are plotted in black. Overplotted in dark blue, light 
blue, and green are the simulations using the GHM, ASC, and SC databases respectively, and 
the cloud properties in Table 7.3. Also overplotted are the observation-simulation residuals 
for each channel and database, alongside the radiance uncertainties from the measurements 
and the simulations. The instrument uncertainty is plotted in orange, and the simulation 
uncertainty in purple.  
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Figure 7.19: The B818 spectral average ARIES_0 LW spectra (black), alongside simulations 
using the three scattering databases GHM, ASC, and SC (coloured lines). Also plotted are 
the observation-simulation residuals and the uncertainties due to the instrumentation 
(orange) and the atmospheric profile used in the simulation (purple). 
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Figure 7.20: The B818 spectral average ARIES_0 SW spectra (black), alongside simulations 
using the three scattering databases GHM, ASC, and SC (coloured lines). Also plotted are 
the observation-simulation residuals and the uncertainties due to the instrumentation 
(orange) and the atmospheric profile used in the simulation (purple). 
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Figure 7.21: The B818 spectral average TAFTS_0 LW spectra (black), alongside simulations 
using the three scattering databases GHM, ASC, and SC (coloured lines). Also plotted are 
the observation-simulation residuals, and the uncertainties due to the instrumentation 
(orange) and the atmospheric profile used in the simulation (purple). 
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Figure 7.22: The B818 spectral average TAFTS_0 SW spectra (black), alongside simulations 
using the three scattering databases GHM, ASC, and SC (coloured lines). Also plotted are 
the observation-simulation residuals, and the uncertainties due to the instrumentation 
(orange) and the atmospheric profile used in the simulation (purple). 
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First considering the ARIES LW channel (Figure 7.19), while all three models reproduce the 
observations well (although it should be noted that the cloud properties used in the simulation 
were selected to give a best match), the GHM and SC models better fit the shape of the curve 
in the window region 750 – 950 cm-1 than the ASC model. Notable observation-simulation 
differences are seen in the region 900-1050 cm
-1
, particularly in the ASC model. Referring to 
the sensitivity studies shown in §6, these differences can be attributed to the modelled 
effective radius being too small. As the retrieved value of the ASC effective radius is smaller 
than for the other two databases, it is to be expected that the differences would be greatest 
when using this model. Most of the residuals for the ARIES LW channel lie within the 
instrument and profile uncertainties. This is not surprising, as it was this region that was used 
to retrieve the cloud properties used in the simulation.  
 
In the ARIES SW channel (Figure 7.20), all of the models reproduce the observations well, 
with only small observation-simulation differences seen in the microwindows in the region 
1800-2000 cm
-1
. The residuals for this channel lie within the levels of the uncertainties, so 
this observation-simulation discrepancy may be due to an error in the atmospheric profile, or 
uncertainty in the measurements. Thus it can be concluded that the models are representing 
this MIR region accurately.  
In the TAFTS LW channel (Figure 7.21), the observations show absorption lines that are 
caused by water vapour inside the optics box of the instrument. In order to show results more 
clearly, this effect has been minimised by truncating the line spikes in both the observations 
and the residual (the original spectrum without truncating is shown in Figure 7.11). Hence 
only the underlying microwindows are considered, and in these regions all three models 
perform equally well at reproducing the spectra. This suggests that sensitivity to the cloud 
properties is low in this region; this is in agreement with the sensitivity studies in §6. The 
residuals, (again disregarding the absorption spikes caused by water vapour inside the 
instrument), mostly fall within the instrument uncertainty level. 
In the TAFTS SW channel (Figure 7.22), the models consistently predict brightness 
temperatures that are between 2 and 10 K lower than those measured by the instrument. 
Residuals for all databases are outside of the limits of the uncertainties. The ASC database in 
particular gives suppressed brightness temperatures in the window regions of the TAFTS SW 
channel. This suppression was seen in the sensitivity studies presented in §6, where it was 
shown to be caused by the underlying single scattering properties, and increased as the 
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effective radius was decreased. The retrieved effective radius for the ASC databases was 
lower than for the other two databases, thus it is logical that the brightness temperature 
suppression is seen to be greater in those simulations using ASC. As this effect is not 
reproduced in the observations, these results suggest that the simulation is not reproducing 
this spectral region particularly well.  
7.6 Summary & conclusions 
This chapter presented three sets of averaged TAFTS FIR and ARIES MIR upwelling 
brightness temperature spectra, measured simultaneously above cirrus. The properties of this 
cirrus are determined through two methods; in-situ measurements of ice particles by cloud 
probe instruments, and retrievals from the ARIES spectra using a bispectral method. Good 
agreement was found for the particle effective radius from both methods, given the varying 
scene evolution. This suggests that the use of the SID2 probe in conjunction with the 2DS 
and 2DC may have somewhat alleviated those problems of measuring small particles reported 
in Cox et al. [2010] and Humpage [2010].  
The observed spectra were simulated using the retrieved cirrus properties and the SSP 
databases of Baum et al. [2014], as inputs to the LBLRTM and LBLDIS radiative transfer 
models. This allowed a study of the consistency of the scattering databases across the infrared 
spectral region, by fixing the cloud properties to those retrieved in the MIR, and expanding 
the simulation into the underexplored FIR region. The simulations differed from the 
observations in the FIR TAFTS SW channel, with residuals in brightness temperature of up 
to 10K, indicating that the models are not accurately representing the observations from this 
case study. With respect to the three habit databases, the retrieved cloud properties from the 
ASC database result in simulations which show a signal of an under-estimated effective 
radius, with this effect seen to a lesser extent when using the other databases. Differences 
between retrieved properties were small, and within the uncertainties of the measured in-situ 
properties. Further investigation of in-situ ice particle habits would allow a more meaningful 
analysis of the best scattering database to use in the simulations. 
The inability to simultaneously reconcile observations and simulations across the entire FIR 
spectral range implies that the radiative effect of cirrus in this region is still not clearly 
understood. Further observations are required to unequivocally determine the cirrus radiative 
signature, in order that the SSP databases used in this work can be improved, and ultimately 
the effect of cirrus be correctly represented in GCMs and NWP models. 
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8 Conclusions and future work 
In this thesis, original far-infrared high-resolution spectra recorded using the Tropospheric 
Airborne Fourier Transform Spectrometer (TAFTS) instrument have been presented and 
analysed. Comparisons have been made between spectra observed by TAFTS and simulations 
from radiative transfer models, under both clear sky and cirrus conditions, from both ground-
and aircraft based platforms. These comparisons are then used to validate state-of-the-art 
models of atmospheric processes in the crucial and under-studied far-infrared spectral region. 
The results of two main studies were reported, one of the water vapour absorption continuum 
in the Arctic, and the second of airborne observations of cirrus radiative signatures. A 
summary of the main results found by the author during this work, and their significance, is 
given in the first part of this chapter. The results presented indicate the potential for more 
extensive use of far-infrared spectral radiance measurements for studies of cirrus, and also for 
other applications. Some possibilities of furthering and developing the work presented here 
are therefore discussed in the second part of this chapter. 
8.1 Summary of results from ground-based arctic study 
8.1.1 MT-CKD v2.5 validation 
Clear sky observations of downwelling radiance were made by TAFTS when based in Alaska 
during the RHUBC campaign. This campaign was the first time that TAFTS had performed 
ground-based measurements, as the extremely dry conditions during the Arctic winter 
allowed the atmosphere to become more transparent to infrared radiation, due to reduced 
absorption by the water vapour pure rotation band. This allowed a study of the FIR water 
vapour continuum absorption. TAFTS spectra were compared to those simulated using a 
measured atmospheric profile and LBLRTM [Clough et al., 2005], and continuum 
coefficients derived from the measured TAFTS radiances were found to agree with both the 
simulation and with previous studies. Thus this study concludes that the current MT-CKD 2.5 
model continuum values can be used to accurately simulate radiances at wavenumbers 350-
500 cm
-1
, and adds to validation in the >400 cm
-1
 region from other locations.  
8.1.2 TAFTS/AERI-ER comparison 
A cross-comparison study between two infrared spectrometers was presented, comparing 
simultaneous measurements from the AERI-ER and TAFTS instruments during RHUBC. 
This represents the first time that the AERI-ER has been compared to a different design of 
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interferometer such as TAFTS. The study showed a good agreement between the two 
instruments within the overlap in their measurement ranges, with 68% of the residual lying 
within the uncertainty boundaries, and the maximum residual within three standard deviations 
of the average uncertainty. This agreement between the TAFTS and AERI-ER measurements 
gives confidence in the ability of both instruments to accurately measure the far-infrared 
down-welling radiances, given their differences in interferometer and detector design.  
8.2 Results of sensitivity studies to changes in cloud properties 
Studies were performed to assess the sensitivity of the various spectral regions to changes in 
the cirrus properties. It was found that the optical thickness of the cloud affected the 
brightness temperature observed in the window region across the spectrum, with the least 
changes seen in the TAFTS LW channel. An increase in the cloud particle size generally 
resulted in lower brightness temperatures within the window regions, with the most 
noticeable effect in the window 750 – 950 cm-1, where changes in particle size affect the 
angle of the slope of the window. The TAFTS LW channel did not exhibit any sensitivity to 
changes in the particle size, and was only sensitive to changes in cloud optical thickness at 
wavenumbers above 200 cm
-1
. Sensitivity to the choice of scattering database was observable 
in the TAFTS SW channel, where the brightness temperatures were suppressed in the region 
350-500 cm
-1
, with the most suppression seen when using the ASC database, and the GHM 
database having the smallest effect. This was investigated through examination of the 
underlying SSPs in each of the databases. It was found that the ASC database had a decrease 
in asymmetry parameter in the region 350-500 cm
-1
, which would result in less radiation 
being scattered towards an instrument detector. This would account for the lower brightness 
temperatures observed in the sensitivity studies. 
8.3 Summary of results from airborne cirrus study 
8.3.1 Simultaneous FIR and MIR spectra recorded above cirrus 
Coincidental observations of upwelling radiances measured above cirrus were recorded by 
the FIR TAFTS and MIR ARIES instruments during the CIRCCREX campaign. Although 
the number of spectra available for analysis was significantly reduced, this is nonetheless an 
important study as it allows the effect of cirrus across the infrared spectrum to be 
investigated. Previously, models of the scattering of radiation by cirrus were based on 
observations made in the MIR only, and then extrapolated into the FIR. The deployment of 
the TAFTS instrument gives a unique insight into the under-explored FIR, as there are 
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currently no other aircraft-based instruments capable of making measurements in this longer 
wavelength region. 
8.3.2 Determination of cirrus properties 
The properties of the sampled cirrus (particle effective radius and cloud optical thickness) 
were determined through two methods; in-situ measurements of ice particles by cloud probe 
instruments, and retrievals from the ARIES spectra using a bispectral method. Good 
agreement was found for the particle effective radius from both methods, suggesting that the 
use of the SID2 probe may have alleviated those problems of misrepresenting small particles 
reported in previous studies. Previously, the measured PSDs were modified by adding or 
subtracting small ice crystals in order to fit the observations in the infrared window. As this 
was not needed in the work presented here, this signifies an improvement in the study of 
cirrus particles <100 μm, and increases confidence that properties retrieved from MIR spectra 
are correctly representing the in-situ PSD of the ice crystal particles. 
8.3.3 First test of Baum scattering models in FIR region 
The observed TAFTS and ARIES spectra were simulated using the retrieved cirrus properties 
and the SSP databases of Baum et al. [2014], as inputs to the LBLRTM and LBLDIS 
radiative transfer models. This allowed a study of the consistency of the scattering databases 
across the infrared spectral region, by fixing the cloud properties to those retrieved in the 
MIR, and expanding the simulation into the underexplored FIR region. This was the first time 
that these models had been compared to cirrus radiative observations spanning the entire 
infrared region. The simulations were able to reproduce the observations in the MIR within 
uncertainties, but differed from the observations in the FIR TAFTS SW channel, with 
residuals in brightness temperature of up to 10K. This suggests that models may not be 
accurately representing this spectral region, and that further work is required. 
8.4 Future Work 
8.4.1 Improved and extended cirrus datasets 
A limitation of the work presented in Chapter 7 of this thesis is the limited number of spectral 
scans available for analysis. The main reasons for this were a low occurrence of suitable 
cirrus conditions, lack of coincidental views between TAFTS and ARIES, and high levels of 
vibration affecting the quality of some of the TAFTS data. The second phase of the 
CIRCCREX campaign (in which the author participated) took place out of Prestwick, 
Scotland, in March 2015. Much of the knowledge gained from the analysis of data recorded 
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during CIRCCREX-I was applied during these new flights in order to obtain better and more 
extensive measurements, as will now be explained. 
If the bispectral method of retrieving cloud properties is to be used for model validation, it is 
vital that TAFTS and ARIES have coincidental views. This is straight-forward to achieve, as 
TAFTS can be pre-programmed to cycle through a set patterns of viewing configurations, and 
the ARIES view direction can be changed by the operator during flight. Hence, TAFTS can 
be set to record a set of nadir scans when above the cirrus, and this can be communicated to 
the ARIES operator, who can then set ARIES to the nadir view. This was implemented 
successfully during CIRCCREX-II and has resulted in a much larger dataset available for 
analysis, which will be a great improvement in terms of signal-to-noise as many more scans 
can be averaged. 
The problematic noise on some of the TAFTS spectra was caused by excessive vibration as 
the aircraft performed orbits. Unfortunate timing meant that this happened during the time the 
aircraft was above cirrus. Better planning of flight sorties during CIRCCREX-II prevented 
this from occurring, and the greater number of TAFTS/ARIES coincidental views will allow 
a much larger dataset from which scans with minimum noise can be selected. 
The occurrence of cirrus is unfortunately out of our control. However there have been 
successful cirrus flights out of the UK in the past and the CIRCCREX-II campaign was 
scheduled for a time when cirrus conditions are climatologically likely (C. Harlow, UKMO, 
personal communication Jan 2015). At the time of writing, several successful flights were 
undertaken which included both radiative and in-situ measurements of cirrus. This will 
hopefully allow the characterisation of the cirrus properties, and their link with the radiative 
signature, to be ascertained correctly. 
8.4.2 Testing and validation of alternative cirrus scattering models 
In addition to those scattering databases developed by Baum et al. [2014] described in §4.6 
and used in the analysis in §7, there are also new SSP databases developed at the UK Met 
Office by Baran et al. [Baran and Labonnote, 2007; Baran et al., 2014]. Time has not 
allowed the inclusion of these databases in this thesis, but the performance of these models in 
the FIR region will be validated in future, using both the data presented here, and the data 
recorded during CIRCCREX-II. This will allow an interesting comparison study between the 
two sets of databases from Baum et al. and Baran et al., which has not previously been 
investigated.   
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8.4.3 Measurements of FIR surface emissivity 
A recent paper by Feldman et al. [2014] highlighted the importance of FIR (15-100 μm) 
observations of the Earth’s surface emissivity to climate, and the current lack of any such 
measurements. FIR surface emissivity has a direct impact on OLR and infrared cooling rates 
in regions of very low PWV i.e. high altitude and high latitude locations, and as such is 
important to correctly constrain for use in climate models. TAFTS would be an ideal 
instrument for such studies, as its measurement range covers the entire FIR region, and its 
ability to be operated from an aircraft platform means that upwelling surface radiances could 
be observed in-situ. This would be a new direction of study for TAFTS, and indeed for any 
FIR instrument, as such observations of surface emissivity have not yet been carried out. 
During CIRCCREX-II, flights were undertaken over the Greenland ice sheet, and first-look 
analysis suggests that TAFTS data from these flights could be used to investigate the 
emissivity of a snow-covered surface. 
8.4.4 FIR space-based observations 
Although field campaigns such as those described in this thesis are very useful in providing 
observations of FIR radiative processes in the atmosphere, greater insights could be made 
into this crucial spectral region through the development of a space-based instrument with the 
ability to make FIR measurements. The proposed NASA Climate Absolute Radiance and 
Refractivity Observatory (CLARREO, [Wielicki et al., 2013]) mission is one such instrument, 
and comprises a polar-orbiting nadir view interferometer that can observe radiances down to 
200 cm
-1
 at a resolution of 0.5 cm
-1
. The global coverage from this proposed mission would 
enable studies of the FIR radiative energy budget for all atmospheric conditions, rather than 
the specific local conditions encountered during field campaigns.  
8.4.5 Implications for GCMs and NWP 
The cirrus radiative effect in GCMs and NWP models is usually parameterised with respect 
to a diagnosed variable such as the ice particle effect radius. For example, the cirrus 
parameterisation [Edwards et al., 2007] in the current UK Met Office Unified Model GCM 
[Collins et al., 2011] uses an ice aggregate model [Yang and Liou, 1998] combined with a 
database of SSPs [Baran and Francis, 2004]. However these parameterisations are known to 
have inherent problems due to their reliance on PSDs now known to be affected by ice probe 
shattering effects and resultant uncertainties [Korolev et al., 2011]. Studies show that large 
errors in the cirrus radiative effect can result from the use of inadequate cirrus scattering 
models and parameterizations, based on, for example, skewed PSDs [Mitchell et al., 2010]. 
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Similarly, flux errors in excess of 100 Wm
-2
 can result when assumptions are made for crystal 
effective size, and consideration of roughness can alter up and downward fluxes by 10-15 
Wm
-2
 [Yang et al., 2012]. A study comparing the calculated TOA OLR using the UKMO 
Unified Model with its current ice aggregate model and with the proposed ensemble model of 
Baran [Baran and Labonnote, 2007; Baran et al., 2014] show differences in the 10 year total 
global area average radiative forcing of -6 Wm
-2 
(SW) and 5 Wm
-2
 (LW).  This reinforces the 
need for a thorough validation of the performance of cirrus scattering models throughout the 
electromagnetic spectrum.  
The measurements and resultant findings of the CIRCCREX campaign will be used to correct 
SSPs and also improve bulk scattering models in order to gain consistency over the 0.3-
125µm wavelength range. Observations will also be reproduced using the high-resolution 
(1.0 km) version of the UKMO Unified Model, in the relevant location, to simulate the SW, 
LW fluxes and cloud cooling rate. These will then be compared against aircraft and satellite 
derived cooling rates [CIRCCREX Case for Support, 2012].  
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